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SUMMARY
Operating techniques for zonal rotors have been developed, and computer 
programs written to simplify handling of the data obtained* In particular, 
the size distribution of fragments of the plasma membranes of liver and 
hepatoma cells was investigated. In liver, two distinct sizes of fragment 
were found, large sheets, deriving from several, adjacent cells, and small 
vesicles. The former were practically absent from the hepatoma studied.
The A-XII zonal rotor was used to isolate the large sheets of membrane 
found in liver. Removal of erythrocytes by perfusion or homogenisation in 
0.08 M sucros^ was essential. Using a suitable gradient, plasma membrane 
fragments were separated as a band, clear of all other organelles, but 
contaminated by trapped material. This was removed by a further 
homogenisation, followed by flotation from sucrose of density 1.19« The 
specific activity of the plasma membrane marker, .5’-nucleotidase, was increas 
in this ’pure1 plasma membrane fraction to 13 x that of the homogenate if 
unperfused liver was used as the starting material, 30 x if perfused liver wa 
used. The enzymic composition of the isolated plasma membranes was studied, 
and computing programs developed which will be capable of quantitating the 
distribution of material between the plasma membrane and other cell 
organelles.
In addition, the free cytoplasmic subribosomal particles of liver and 
hepatoma cells were studied by zonal centrifugation followed by concentration 
and either resedimentation on sucrose gradients, equilibrium banding on CsCl 
gradients, or extraction of the RNA followed by examination of its size 
distribution, labelling kinetics and base composition. In liver, the ’40 S s 
subribosomal particles were heterogenous. At least two forms of small 
ribosome subunits, sedimenting at 35 S and S respectively, were identified 
and it appeared probable that informosomes co-sedimented with the 35 S form. 
In hepatoma, only one form of the small ribosome subunit was found. Hepafcom 
contained equal numbers of large and small subunits. In liver, large 
subunits were much scarcer than small subunits.
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n.b. The following list does not include those standard abbreviations 
listed in Biochem. J. ’Instructions to Authors’ 1970,
A Adenine (as a residue in ENA.or DNA).
AMP'ase 5*-nucleotidase (AMP substrate)*
ATPase Adenosine triphosphatase (Mg activated)*
Acid P ’ase Acid (3-glycerophosphatase.
BRIJ Detergent used in AutoAnalyser, available from
Technicon Ltd.
DEAE-cellulose Di-ethyl-amino-ethyl cellulose.
DMG Dimethyl glutarate (buffer)
DNA-like (of RNA) With a base composition similar to that of RNA.
DNase Deoxyribonuclease.
DNP Dinitrophenol
■aum fS' <JL,fcKtofc.s
C Cytidine (as a residue in RNA or DNA)
EGTA EtkjUM glgeeUbis ( -<t hjl
fcefcra. acetic acid.
e.r. Endoplasmic reticulum.
FMA Fluorescein mercuric acetate.
G Guanine (as a residue in RNA or DNA).
GERL Golgi-endoplasmic, reticulum-lysosome system,
viewed as an entity functioning in secretion. 
G-6-P Glucose-6-phosphate.
G-6-Pase Glucose-6-phosphatase.
P-Gly-P p-glycerophosphate.
HnRNA A heterodisperse, rapidly turning over, fraction
of nuclear DNA-like RNA.
Hb Haemoglobin.
INT 2-(p-iodophenyl)-3-(p-nitrophenyl)-5-phenyl-
tetrazolium chloride.
Levor IV Detergent, used with the Autoanalyser, marketed
by Technicon Ltd.
LE Problem solved as a series of linear equations.
IP Problem solved by linear programming.
MAK Methylated albumin adsorbed on kieselguhr.
Na/K ATP ase Adenosine triphosphatase (Na/K/Mg activated).
pNP- p-nitrophenyl-
p.m. plasma membrane.
r.b.c. red blood cells.
dRNA = DNA-like RNA.
mRNA Messenger RNA.
rRNA Ribosomal RNA.
tRNA Transfer RNA.
RNase Ribonuclease.
RNP Ribonucleoprotein. }
Rulon Teflon impregnated with jewellers rouge, used for
the seals of zonal rotors.
S Svedburg (unit of sedimentation coefficient).
SDS Sodium dodecylsulphate.
Succ D ?ase Succinate dehydrogenase.
T Thymine (as base in DNA).
TPP Thiamine pyrophosphate.
U Uracil (as base in RNA).
Urografin Methyl glucamine salt of 3»5-di-iodo
4-pyridone-N-acetic acid (umbradilic acid).
"Nay, if you come to that, Sir, have not the wisest of men in 
all ages, not excepting Solomon himself, - have they not had their 
HOBBY-HORSES; - their running horses, - their coins and their 
cockle shells, their drums and their trumpets, their fiddles, their 
pallets, - their maggots and their butterflies? - and so long as a 
man rides his HOBBY-HORSE peaceably and quietly along the King’s 
highway, and neither compels you or me to get up behind him, - pray, 
Sir, what have either you or J. to do with it.
- De gustibus non est disputandum; - that is, there is no 
disputing against HOBBY-HORSES; and, for my part, I seldom do, nor
could I with any sort of grace, ..... : - Be it known to you,
that I keep a couple of pads myself, upon which, in their turns,
(nor do I care who knows it) I frequently ride out and take the air; 
- though sometimes, to my shame be it spoken, I take somewhat 
longer journeys than a wise man would think altogether right."
(Laurence Sterne: Tristram Shandy)
The liver, the large brownish organ lying so 
conveniently at the surface of the abdomen, has remained 
the favoured tissue for research from the time the ancient 
Mesopotamian priests probed the entrails of some sacrificial 
animal to diagnose the ills of some suppliant until the 
present day when the biochemist strives with almost equal 
futility to penetrate the mysteries of cancer. Yet this 
continued interest is no accident or slavish following of 
old fashions, for the liver’s role in the body is indeed 
consonant with its size for it acts as a centre bothi for 
the distribution of energy throughout the body and for 
the building up and breaking down of many of the small 
molecules used as raw materials by other cells besides 
being an exocrine gland feeding bile to the intestine.
This multiple role is reflected in an unusual structural 
feature of the liver, the existence of a "portal" type of 
circulation which means that the liver is supplied with 
venous blood laden with food adsorbed from the intestine 
and waste products from the rest of the body, as well as 
oxygen bearing blood from the hepatic artery. In the 
liver toxic waste products are removed from the blood and 
the cleaned stream is discharged through the hepatic veins. 
Thus five groups of vessels are connected to the liver, the 
hepatic artery, the portal and hepatic veins, the common 
bile duct and the lymphatics.
The liver of an adult animal is enclosed by the 
connective tissue capsule of G-lisson. This is broken at 
the Porta Hepaticus where a group of large vessels enter 
the liver in a bundle covered by an infolding of the 
connective tissue of the capsule. Elsewhere,the liver’s 
surface is broken by hepatic veins which empty into the
inferior vena cava. The interior of the mammalian liver 
is made up of a series of perforated plates, each one cell 
thick, which branch and rejoin with each other (H.Elias, 1963). 
Through these muralia are threaded branches of the tree 
of vessels rooted at the porta, for the four vessels, the 
bile duct, the lymphatic, the hepatic artery and the portal 
vein which enter the liver at that point run together in 
their canal of connective tissue even in their smallest 
branches, Interdigitating with these portal canals run 
branches of the hepatic veins draining blood from the liver.
At the end of the smallest branches of the portal tree 
the vessels divide. Blood from the terminal portal venules 
and the terminal hepatic arterioles is emptied into the 
liver capillaries, the sinusoids. The pressure of the 
arterial blood is reduced to that of venous blood by 
sphincters at the point where the arterioles empty into 
the sinusoids. The sinusoids are lined by large cells 
with only a very thin layer of cytoplasm. Some of these 
cells show remarkable phagocytotic activity. Although 
attempts have been made to distinguish different types of 
lining cell little agreement has been reached (Aterman?1963). 
The name Kupffer cell which has been used for one of these 
types is often extended to cover all sinusoidal lining 
cells. The rat liver differs from that of some other 
species in there being no demonstrable basement membrane 
to the sinusoids (Aterman, 1963). The lining cells in the 
rat liver appear to be separated from the microvilli of 
the parenchymal cells solely by the space of Disse whioh 
is filled by a loose network of reticulin fibres possibly 
embedded in a ground substance. The sinusoids progress
tb.rough the liver substance to empty into a branch of the 
hepatic veiii. The bile, flowing in the opposite direction, 
towards the portal canals, is carried in small ducts 
within the muralium.. These bile caniculi are lined simply 
by the walls of the parenchymal cells through which they 
pass. The bile space is separated from the space of Disse 
by tight junctions between the liver cells. In a healthy 
animal there is generally no communication between these 
two spaces.
In spite of the complexity of the duct system in the 
liver it is more homogeneous in cell type than any other 
organ. A summary of the proportion of various cell types 
in an unperfused liver is given in Table 1.1. More than 
SCffo of the cells are hepatic parenchymal, cells which because 
of their large size represent an even greater proportion 
by weight. The population of hepatic cells is not however 
completely uniform as differences in morphology and enzyme 
content can be shown between cells from different 
circulatory regions (Rappaport, 1963). The problems
caused by these differences will be discussed later.
The Structure of the Liver Cell
The present concept of the structure of the cell 
could not be more different from the simple ideas, 
caricatured as the "Bag of Enzymes17 which dominated 
thinking in Biochemistry up to the 1930*s. The cell is 
now seen as highly structured., with many different 
compartments, separated by lipoprotein membranes, between 
which are barriers through which only selected molecules 
can penetrate. It is convenient to divide the larger 
structures inside the cell into three main groups:
Table 1 .1
Cellular Composition of Liver.
Cell Type Proportion by
Number Weight
°/o %
Cells of hepatic parenchyma 
Hepatic Cells* (Centrilobular grading 
to Peripheral)
Sinusoid-lining cells such as 
Kupffer Cells.+
Cells of the Duct System 
Epithelial cells of the bile ducts 
Cells of the walls of arterioles and 
venules'
Fibroblasts of the connective tissue 
of the portal tree
Blood Cells 
Erythrocytes 
Leukocytes 
Lymphocytes 
etc.
Extracellular Material - 23-50 ,
6t
* There are no distinct sub-classes of hepatic cell, but distinct 
differences may be seen between the cells at the centre and periphery of 
a lobule.
+ see Aterman (1963)
^ see Iype et al. (1^65)
61+, 39'
i) nucleoprotein particles, ii) elements "bounded by
a single lipoprotein membrane, wbich form the golgi-endosplasmio
reticulum-lysosome (GERL) complex (Novikoff, Essner and
Quintana, 1964) and iii) the mitochondria. The relative
contribution of each of these to the total volume of
the cell may be assessed by electron microscopy (Loud, 1968).
The relationship of the outer membrane of the cell, the
plasma membrane, to these groups will be discussed later.
In between the organelles is the soluble phase, the cell
sap,which may in the living cell be a structured gel. In
addition to these major components, there are small particles
such as ferritin suspended in the cytoplasm and, the
centrioles which during mitosis, act as the centres for
the filaments of the mitotic apparatus. In the normal
liver cell intracellular filaments are seen in the bile
/ \
canalicular region (Rouiller and Jezequel,1963).
These systems of cell components may now be considered 
in detail, i) Nucleoprotein particles* The largest, 
organelle of the cell is the nucleus, a huge nucleo-protein 
mass which contains nearly all the DNA of the cell.
Specialised regions are undoubtedly present in the nucleus 
but the difficulty of examining nuclear structure under 
the electron microscope has so far allowed the description 
of only, three:- the nucleoli (National Cancer Institute 
Monograph 23 1966) which are thought to make the structural 
RNA of the ribosomes, and the dispersed and condensed 
chromatin (Littau, et al., 1964) of which the latter is thought 
be inactive DNA in a compact state while the former is 
DNA which is either being replicated or else which is 
acting as a template for the synthesis of messenger RNA.
The nucleus Is surrounded hy two lipoprotein 
membranes (Fawcett,1955) the outer of which is continuous 
with the endoplasmic reticulum (Watson,1955) and lihe 
the endoplasmic reticulum has attached ribosomes 
(Palade;1956). At intervals these membranes are pierced 
by pores (e.g. Watson, 1959) which may be the site of 
entry of ribosomes into the cytoplasm,as small particles 
have been seen inside the nucleus clustered round these 
pores. However*the diameter of the pores as shown by 
the use of gold coated particles is only 145 2. in amoeba 
(Feldherr,1965) which is too small to permit the passive 
transport of ribosomes to the cytoplasm.
The function of the nucleus is to store the genetic 
information of the cell to be used when required. While 
nuclei have been reported to contain some of the enzymes 
of energy metabolism (Georgiev, 1967) and to synthesise 
some proteins these are of minor importance to the synthesis 
of ribonucleic acid. Before the ribonucleic acid is 
transferred to the cytoplasm it is parcelled up into 
ribonucleoprotein particles and it is probable that no 
free ribonucleic acid other than transfer RNA is found 
outside the nucleus. The structure and formation of 
these "transport particles" will be considered in more 
detail later.
In the cytoplasm, apart from the transport particles 
which have already been referred to, ribonucleoprotein 
particles are represented mainly by ribosomes and polysomes 
which are found either free in the cytoplasm, or attached 
to the membranes of the endoplasmic reticulum where they 
become involved with the second system of cell components,
19.
the G-EKL complex. Some ribosomal subunits are found free 
in the cytoplasm of most cells.
ii) The GEEL complex'In multicellular organisms,any cell 
will normally have two groups of functions, those connected 
with maintaining the cellfs individual life and those 
specifically involved with maintaining the life of the 
whole organism,either by removing noxious compounds,or 
adding large compounds needed elsewhere. In addition,the 
particles in the cell will age and require selective 
destruction. The destruction of internal structures no 
longer required by the cell (autophagy) and the digestion 
of large particles adsorbed from the external medium 
(heterophagy) (de Duve and Wattiaux, 1966) together with 
the synthesis and segregation of products destined for 
release into the external medium takes place in the membrane 
bound structures of the GEEL (Jamieson and Palade, 1968a and b). 
This system consists of the rough endoplasmic reticulum, 
the golgi apparatus and the lysosomes. In the scheme 
proposed by de Duve and Palade,protein destined for 
segregation is synthesised by the ribosomes bound on the 
cytoplasmic side of the rough endoplasmic reticulum.
During synthesis -the growing peptide chain is passed 
through the membrane of the endoplasmic reticulum into the 
cisternal space (Redman, Siekevitz and Palade,1966) by a 
passive process requiring no energy (Redman,1967), This 
transfer is the first stage in the segregation of the cell 
contents into two classes,for proteins which will remain 
in the cytoplasmic space are probably made on the "free" 
polysomes, the polysomes not bound to the endoplasmic
reticulum membrane. The protein portion of the endoplasmic 
reticulum membranes themselves is probably made on the 
bound polysomes since labelled protein is found first in 
the rough membranes and only later in the smooth fraction 
(Dallnerr Siekevitz and Palade, 1966). Although the 
segregation across the membrane of proteins made on the 
rough.e.T\ may be observed in many tissues,the subsequent 
"packaging" is more difficult to demonstrate. In the 
exccrine cells of the pancreas,however,Palade and his 
colleagues (see Jamieson and Palade,1968 a,b and c) have 
been able to trace the process very clearly both by 
autoradiography at the ultrastruetural level and by 
fractionation experiments. A similar process has long 
been postulated for lysosome synthesis (de Duve and V/attiaux 
1966) and for the secretion of glycoproteins (Neutra and 
Leblond, 1966). In outline, the suggestion is that the 
proteins segregated in the cistemae of the rCugh endoplasmi< 
reticulum are transferred to small vesicles of smooth 
membrane which bud off the rough reticulum near the golgi 
apparatus, in an energy dependent process (Jamieson and 
Palade, 1968c). These vesicle's then condense either with 
the dicteosomes of the golgi apparatus to form "condensing 
vacuoles" or directly with already-formed vacuoles. In 
the exocrine cells of the pancreas these mature to form 
zymogen granules which are discharged at the surface of 
the cell. If, however it is hydrolytic enzymes for internal 
use which are being segregated the "condensing vacuoles will 
form primary lysosomes. These may now fuse with phagosomes 
(Straus, 1962 and 1967) and go digest whatever material has 
been engulfed. Lysosomes containing both the hydrolytic
enzymee ©nd engulfed material are called secondary lysosomes. 
The engulfed material may he of either intra-or extra-eellula 
origin, in the latter case the actual mechanics of uptake 
are uncertain. After exhaustive digestion the insoluble 
residues may be stored in residual bodies such as the 
lipofuchsin granules (Hendley and Strekler,1965) found in 
the livers of old animals or discharged through the plasma 
membrane to the outside of the cell. In rats,about 5$ of 
the lysosomes of hepatic cells are discharged into the 
bile each day (de Duve and Wattiaux,1966).
In liver it is not known whether this scheme is 
followed in its entirety. The golgi apparatus of liver is 
small and "condensing vacuoles"filled with products for 
transport to the blood stream have not been identified. 
However it is very probable that lysosomes are formed from 
the golgi apparatus as in the model scheme and some evidence 
has been presented that glycoproteins are concentrated in 
the region of the golgi apparatus (Neutra and Leblond, 1966). 
Serum albumin, another major product of liver, does not 
appear to be concentrated into granules although it is 
segregated within the cisternae of the endoplasmic reticulum 
(Glauman and Dallner, 1968). One suggestion which has been 
made is that it is transported to the plasma membrane in 
small vesicles without any preliminary concentration.
It is not known exactly how microbodies are related 
to the G-EKL system ( de Duve and Baudhuin ,1966). These 
organelles are only found in a few tissues (Novikoff and 
Goldfischer ,1968) and their function is obscure. As regards 
their origin it has recently been reported that,in foetal
liver,peroxi&ae© ©taining bodies can be seen budding off 
the rough endoplasmic reticulum near the glycogen areas 
(Tsukada et alM  1968).
In a similar way the exact relationship of the "smooth" 
part of the endoplasmic reticulum which, in liver, is found 
both infiltrating areas of glycogen particles and in 
independent masses, to the GERL system is obscure. So far 
it has been impossible to identify the precise intracellular 
origin of the smooth microsomes obtained from liver 
homogenates as cytochemistry has established no specific 
"marker" for these areas while the fragmentation of the 
membranes makes any morphological identification impossible. 
Certain other aspects of this problem will be discussed 
later in connection with the fate of plasma membrane 
fragments. The subject has recently been reviewed by 
Dallner (1968).
iii) Mitochondria5 The structure and function of 
mitochondria hare of ten been described (e.g. Roodyn, 1966).
These large organelles, which provide most of the energy 
required by the cell, are peculiar in that they are 
semi-autonomous with their own RNA and DNA and protein 
synthetic system. They are surrounded by two membranes 
which, though they both show the usual dimensions of a 
three layered membrane (Thompson, Coleman and Pinean, 1968), 
differ from each other in lipid composition (Parsons and 
Yano, 1967), density (Schnaitman et alf, 1967) and enzymology. 
As well as containing a distinctive circular DNA molecule 
(Roodyn,1966),mitochondria contain a complete protein 
synthetic apparatus and their own DNA polymerase which is
ua.DUi.uuu J.XUH1 uuau ui nucjLei {meyev anct Simpson,1968J•
The protein synthetic apparatus of mitochondria surprisingly 
hears more resemblance to that of bacteria than to that of the 
mammalian cytoplasm. In rat liver the mitochondrial 
ribosomes are very small, sedimenting at only 55 S (OfBrien 
and Half ,1967) while in fungi they approach even nearer to 
the 70 S of bacterial ribosomes (Rabinowitz,1966). Also 
protein synthesis in mitochondria unlike that in mammalian 
cytoplasm Is probably initiated by N-Pormyl methionyl 
transfer RNA (Smith and Marker,1968). As these observations 
are almost certainly not due to bacterial contamination 
they support the theory that mitochondria originated as 
symbiotic bacteria of some primaeval cell.
The structure of the plasma membrane will be discussed 
in detail later. Other structures found in the liver cell 
include glycogen granules which are grouped in large arrays 
penetrated by smooth endoplasmic reticulum and which form 
a readily available source of energy for the whole body.
In a similar way ferritin granules are a principal source 
of iron. Probably many proteins in the cell sap are 
organised into large multi-enzyme systems and it may be 
one of these which has been observed by Shelton and Kuff (1968;
This completes a fairly conservative list of the 
organelles which have been found in rat liver. The list 
is summarised in Table 1.2. As can be seen the number of 
components far exceeds the five fractions into which a 
homogenate is normally separated. Up to a few years ago 
attempts to resolve these mixtures concentrated on the 
isolation of one single component. However with the 
introduction by Anderson (1966) of zonal rotors continuous 
scanning of gradients, similar to the scanning of the eluent 
from a chromatography column, has made possible the 
simultaneous separation of several different organelles.
TABLE 1.2 
Components of the Hepatic Cell
System Subdivision
Plasma Membrane a)
b)
Nucleoprotein Particles a)
b)
c)
GEEL complex 
i) Central components
ii) Peripheral 
components
Mitochondria
Cell Sap
a)
a)
b)
c)
a)
e)
f)
a)
b)
Specialised regions 
e.g. the bile canaliculi. 
Phagosomes:- vesicles 
derived from the plasma 
membrane.
The Nucleus with its 
specialised regions such 
as the nucleoli.
40 and 60 S ribosome 
precursors.
1Informosomes1 The 
existence of these is not 
yet confirmed.
Ribosomes and Polysomes.
Rough endoplasmic reticulum. 
Smooth peri-golgi vesicles. 
Dicteosomes of the golgi 
apparatus,
Primary Lysosomes.
Secondary Lysosomes.
Residual bodies.
Smooth endoplasmic reticulum. 
Mic robodies.
These form a self-contained 
system.
Each mitochondrion consists of 
a number of smaller components.
a) Glycogen granules.
b) Ferritin Granules.
c) Proteins and smaller moleculei
The Liver Homogenate
When a cell is broken its ordered structure is 
disrupted and the organelles inside, losing their relationship 
to each other, are dispersed into the medium. In addition, 
fragments of all the cells of the tissue arO mixed 
together so that,for example, there is no way of distinguishing 
between a mitochondrion from a Kupffer cell and a 
mitochondrion from a hepatic cell.
The various techniques which may be used to disrupt 
tissue will be discussed later. For the present it will 
be assumed that the liver has been disrupted by a 
Potter-Elvehjem homogeniser which acts by shearing the 
tissue in the narrow space between a rotating Teflon pestle . 
and a fixed glass vessel. With these conditions it is likely 
that the connective tissue and vessel of the portal tree 
are not much broken (Dallner, 1968) and are removed when 
the homogenates are filtered. After filtration through a 
fairly coarse mesh the homogenate contains fragments of 
hepatic cells, sinusoid lining cells, a few fragments of 
connective tissue and the endothelium of the liver vessels 
together with blood cells. It is not certain how far the 
white blood cells are disrupted. Dallner and his colleagues 
(1966) found that cells of the erythropoietic series in 
foetal liver, which have some similarities to the white 
cells, were not broken, but Woodin and Wieneke (1966) used 
a Potter-Elvehjem homogeniser to disrupt packed leucocytes*
Under these conditions the plasma membrane of the 
hepatic cells is broken but not completely fragmented.
As a result^ large sheets of plasma membrane are found in
both the low speed pellet and in the microsomal fraction 
(Reid,1966), As there is no marker for the plasma membrane 
of the sinusoid lining cells its fate is not known, although 
the thin flat lining cells may have almost as large a surface 
area as the more cubo'id* hepatic cells.
Nudlei, and the larger organelles of the cell,are 
released whole and apparently undamaged into the homogenate , 
as are the smaller cytoplasmic particles. However,the 
membranes of the endoplasmic reticulum are almost completely 
fragmented to microsomes, although with very gentle 
homogenisation the lamellae of the golgi apparatus may remain 
intact (Morre et al,;L968). The cell sap is completely 
dispersed and any structure it may have had destroyed.
In addition, all the large structures of the cell suffer 
various amounts of damage so that mitochondria lacking an 
outer membrane are found in the mitochondrial fraction 
(Leighton et aX^968) while the fragmented outer membranes 
sediment as microsomes(Schnaitman et al0,1967). Similarly, 
the membranes of lysosomes and microbbdies may be damaged? 
releasing the contents as soluble proteins while the membranes 
either remain as ghosts or break up to small vesicles 
(Shibko, Pangborn and Tappel,1965). The lamellae of the 
endoplasmic reticulum fragment in such a way that much of 
their content remains trapped in the microsomes (Dallner,1968) 
but a certain amount will be released into the medium.
Soluble proteins may be washed out of the structures to 
which they properly belong as, for example, LNA polymerase 
is washed out of nuclei (Keir,1965), or else may be adsorbed 
from the cytoplasm either onto nucleic acids (Petermann,1964) 
or membranes (Emmelot and Benedetti,1967b).
Finally,tissue can never be broken down completely, 
so that intact and partially broken cells will contaminate 
low speed pellets,while isolated nuclei are often contaminated 
by adhering cytoplasm. Sometimes,in addition to these 
"natural** aggregates,the organelles may clump to form 
rafts of material so large that they may be visible to 
the naked eye.
A summary of the components of a liver homogenate 
is given in Table 1.3 together with the dimensions of the 
components and the normal means of identification. The 
selection of these "markers* will be discussed in the next 
section. The references given in Table 1.3 are to reviews 
of the properties of the isolated components where these 
are available, otherwise to a recent article which may be 
used to trace references.
Biochemical Markers for Subcellular Organelles
In order to assess the results of any 
fractionation it is obviously necessary to be able to 
identify which particles ate present in each fraction. This 
is made more difficult by the small size of subcellular 
particles so that, if morphological criteria are to be used, 
resort must be had to the long and tedious processes of 
quantitative electron microscopy. Even when this is used 
organelles may be so damaged either during breakage of the 
cell or during the fractionation that their fragments are 
unrecognisable and some other method must be used to detect 
their presence (Leighton et al-,1968). The normal method 
used is the assay of a "marker1 enzyme specifically located 
in a single cell structure. These marker activities must
TABLE 1,3
Components of a liver homogenate in 
approximate order of diminishing size
Component Method of Identification Reference
Whole Cells 
Aggregates 
Broken Cells 
Connective Tissue 
Fragments 
White Blood Cells 
Sheets of Plasma 
Membrane
Nuclei
a) Hepatic Cell
b) NftirHe patic C ell
Red Blood Cells 
Mitochondria*
Broken Mitochondria
Light Microscopy
Lysosomes
51-Nucleotidase Activity 
Light & Electron 
Microscope 
DNA
Light Microscopy may be 
used to distinguish between
a) and b).
Light Microscopy 
Cytochrome Oxidase 
Succinate Dehydrogenase 
Electron Microscopy
Acid Phosphatase
a) Primary-Hepatic Cell
b) Primary-Other Ceils
c) Secondary-Hepatic
d) Secondary-Other 
Microbodies
There is no way yet
of distinguishing
from fron oMlek tfjf* of 
c<CL 'tK« Ljsosones clcnve.
Golgi Lamellae
Phagosomes
Uricase
Electron Microscopy
Phagocytosed Enzymes
Benedetti 
& Emmelot 
1968, 
Georgiev 
1966.
Roodyn
1966.
Leighton et^  
al.,1968* 
de Duve and 
Wattiaux 
1966.
* The mitochondrial fraction is not homogeneous 
mitochondria deriving from different parts of 
cell may differ in their enzymology (Swick et
de Duve and.
Baudhuin
1966.
Morre et 
al.,1968 
Straus 
1967c
and
the
al., 1967}.
Table 1.3 cont!d next page...
Table 1.3 continued
Component Method of Identification Reference
Microsomes deriving from
a) Smooth e»r. E.M. and G-6-Pase
b) Rough e.r. E.M. RITA and G-6-Pase
c) Golgi Apparatus none
d) Hepatic cell p m 5r-Nucleotidase
e) Lining cell p m none
f) Outer Mito*
Membrane Monoamine oxidase?
g) Lysosome Membrane B-glucosid~ase?
Free Polysomei
Glycogen Granules
Free Ribosomes
RNA,High Density and
Sedimentation
Coefficient
Glycogen
RNA and Sedimentation 
Coefficient
Ferritin Particles Loosely Bound Iron
Subribosomal Particles
a) 60 S ENA and
Id) 40 S Sedimentation
Coefficient
Proteins of the Cell 
Sap
Dallner
1968.
Graham et 
al., 1968=
_ *
-  *
Blobel and
Potter
1967c.
Anderson
19 66.
Blobel and
Potter
1967c.
Petermann 
and Hamilton 
1957.
Hensliaw, 
Revel and 
Hiatt 1965.,
* The outer membranes of mitochondria (Schaitman 
et_ al., 1967) and lysosomes (Shibko et al., 1965) 
will fragment to form vesicles if the intact 
organelles are suitably treated. It is probable 
that a certain degree of fragmentation occurs 
during homogenisation.
be carefully chosen for there are many activities,such 
as ATPase,which are found in several organelles. The 
criteria for a marker is that it should l) show a single 
distribution in fractionation.experiments, 2) be located 
in a single structure when studied histochemically at 
both the light and electron microscope levels and 3) that 
this location should correspond morphologically with the 
appearance of the cell fraction into which the activity 
is concentrated. It is usually impossible to meet all 
these criteria. Thus some organelles,such as the plasma
membrane,are broken into fragments of two distinct sizes 
making the first criterion impossible to meet. The 
visualisation of activities other than phosphatases in 
the electron microscope has only recently become possible 
and it is difficult to decide on the ultrastruetural 
location of reaction products seen under a light 
microscope. The only criterion which is adhered to for 
all widely used biochemical markers is that they should 
be easy to assay.
During the experiments described in this thesis a 
single enzyme has been used to identify each cell structure^ 
although confirmation has been sought from light and 
electron microscopy. As the localisation of each marker 
activity is so important each will be discussed in some 
detail.
Throughout this work 51-nucleotidase has been used 
as a marker for plasma membrane fragments. The distribution 
of this enzyme in classical differential centrifugation 
is peculiar, for it is divided almost equally between
the nuclear and microsomal fractions (de lamirande 
et al* 1958)* Nuclei purified by either aqueous or 
non-aqueous techniques were found to lack the enzyme 
(Reid, El-Aaser and Turner 1964) which could be recovered 
in fragments of the plasma membrane purified from the 
crude nuclear fraction (Emmelot et al,1964). When the 
activity was studied histochemically, staining was found 
in the walls of the sinusoids and in the bile canaliculi.
On examination in the electron microscope the activity 
proved to be in the plasma membrane of the hepatic cells 
(Essner, Novikoff and Masek 1958). Histochemical and 
cytochemical examination of isolated nuclear fractions 
also showed staining in sheets of membrane not in the 
nuclei (El-Aase:q 1965)*
It has proved much more difficult to prove that the 
5r -nucleotidase-containing fragments in the microsomal 
fraction come from the plasma membrane. El-Aaser ana his 
colleagues (1966) showed that the 5f-nucleotidase and 
glucose-6^phosphatase activities were in two distinct 
populations of vesicles. This result has been confirmed 
by cytochemistry of the microsomal fraction (Fitzsimons;
1969). Graham and his colleagues (1968) have isolated 
fragments from the microsomal fraction similar in enzymology 
and lipid composition to the "plasma membrane" fraction 
prepared from the crude nuclear fraction. Widnell and Unkeles 
(1968) have shown that 5 *-nucleotidases purified from the crud 
nuclear fraction and the microsomal fraction of rat liver 
have almost identical properties.
A small amount of 51 nuc3.eotidase activity is always 
found in the "soluble” fraction. This is probably the
sum of the activities of several enzymes (Eritzson,1967, 
1968). It is not known whether any of the activity is 
due to enzyme extracted from the plasma membrane during 
homogenisation. However,in spite of this soluble activity, 
it is probably safe to conclude that the presence in any 
particulate of 5’-nucleotidase activity at an alkaline pH 
indicates the presence of plasma membrane fragments.
The concentration of glucose-6-phosphatase activity 
into the microsomal fraction has long been known (see 
de Duve and Berthet, 1954). More recently its location in 
the membranes of the endoplasmic reticulum has been shown 
cytochemically (Goldfischer et al.,1964 inter alia).
The activity of smooth and rough membranes shows little 
difference whether assessed by fractionation (Dallner,1963) 
or cytochemically (Orrhenius and Ericsson*1966). The 
enzyme may therefore be used as a general endoplasmic 
reticulum marker, the only drawbacks to its use being the 
activity of the outer nuclear membrane and the instability 
of the enzyme, which requires immediate assay.
As lysosomes were first defined as particles containing
acid hydrolases, of which acid phosphatase is the best
Mere def ined  as
known (de Duve et al. ,1955) and microbodies^as the particles 
containing uricase (Beaufay et al,,1964), the use of these 
enzymes as markers requires little justification. The 
cytochemical location of acid phosphatase in bodies bounded 
by a single membrane has also been known for a long time 
(see Novikoff,1961) but only recently has a method been 
developed for the visualisation of uricase activity in 
the electron microscope (Novikoff and Goldfischer,1968) 
and it is not yet possible to judge its validity.
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Succinate dehydrogenase assayed with a dye (INT) 
acceptor has been used as a mitochondrial marker 
(Pennington ,1961). The localisation of the hulk of the 
activity in the mitochondria is well established but there 
may be some microsomal activity such as is found with 
another artificial acceptor: phenazine (Bhuvanaswaran and 
King 1967). In spite of this,succinate-INT reductase 
was used in preference to the better established cytochrome 
oxidase because of the inconvenience of performing the 
latter assay on the large number of fractions which had to 
be examined. Succinate dehydrogenase has been localised 
cytochemically in heart mitochondria by the use of an 
osmiophilic tetrazolium dye as acceptor (Katzoff and 
Hanker j1967).
BNA has been used to identify nuclei and haemoglobin 
to locate intact red blood cells. Perritin particles were 
identified by measuring their loosely bound iron (Beaufay 
et al.,1959) and polysomes and ribosomes by their RNA and 
their sedimentation rates. The 60 S and 40 S subribosomal 
particles could be located by similar methods or by extract1- 
ing the RNA and examining it by agar gel electrophoresis 
(Tsanev et al.,1966). The 60 S particle should contain 
only 28 S RNA and the 40 S particles only 18 S RNA (Perry, 
1966). There is no specific marker for the golgi apparatus 
of hepatic cells or any of the fragments of non-hepatic 
cells. No effort was made to identify glycogen granules 
although suitable methods exist (Montgomery,1957). A 
working hypo bhesis was made that the location of enzymes 
in hepatoma was the same as in liver.
34.
Fractionation Methods
The fractionation of cell components is almost always 
performed hy centrifugation. Partition between two liquid 
phases such as the polyethylene-glycol-dextran system 
described by Albertsson (I960) have been used occasionally, 
for instance in the fractionation of red blood cells 
(Walter et al.,1968). Ion exchange chromatography is not 
used to fractionate cell components because of their 
sensitivity to changes in pH and ionic strength. "Molecular 
sievesff such as Millipore filters are too easily clogged 
to be of much use ,but filtration through fine glass beads 
has been used to separate sheets of membrane from nuclei 
and other organelles (Warren et al.,1967). Chromatography 
on "molecular exclusion" materials such as Sephadex has 
been impossible because no material with a large enough 
pore size was available. The introduction of agarose gels 
makes the separation of the smaller cell components by 
these means theoretically possible,as they are no larger 
than the viruses for which, agarose gels are used to separate. 
However, only preliminary experiments have been reported 
(Hjerten 1962). Another interesting approach is electrophoresis 
on agar gels. This has been used to separate ribosome 
subunits (Dessev et al.,1968) and it is possible that these 
methods may help in the search for informosomes.
The early history of centrifugation in biochemistry 
has often been reviewed. While the analytical ultracentrifuge 
was the first type to be extensively used (5cl»'aehman 1959), 
its role lies more in the realms of pure chemistry and the 
preparative centrifuge, giving fractions which can be
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examined outside the rotor by a variety of techniques, has 
been much more useful. The reviews by Anderson (1956) and de 
Duve. et al.,(1959) expound the classic methods for 
fractionating cell organelles. While an immense amount of 
work is still carried out by these methods,the low capacity 
of swing-out rotors and the mixing of the contents of angle 
head rotors as the liquid re-orientates during acceleration 
and deceleration makes both types unsatisfactory and 
special "zonal" rotors capable of increased resolution 
have been developed. The opening of this latest phase in 
the history of cell fractionation may be marked by the issue 
in 1966 of the monograph on zonal centrifugation edited 
by Anderson and the publication,in the same year,of 
Beaufay1s thesis.
The separation of subcellular particles by centrifugation 
depends on differences in the densities of the particles 
or on differences in the size and shape of the particles 
reflected by the sedimentation coefficient (Svedburg and 
Pedersen,1940). Both the particle density and sedimentation 
coefficient are in general dependent on the composition of 
the medium in which the particles are suspended (de Duve, 
Berthet and Beaufay,1959), although,with small particles, 
such as ribosomes.in dilute solutions, this is probably not 
very important. Normally separations are carried out utilis­
ing solely either differences in density or differences 
in sedimentation coefficient between the particles.
The separation of particles according to their 
sedimentation rate may be carried out either by differential 
centrifugation, in which the tube is initially filled with 
a uniform suspension of the particles and particles are
divided into a pellet and its supernatant, or by zonal 
centrifugation,where a thin band is layered on top of a 
gradient and the particles are recovered in zones throughout 
the tube. The density gradient in the tube is necessary 
because a zone of particles sedimenting in a homogeneous 
liquid is unstable (Pickels,1943)* As gradients in the 
tubes of angle-head rotors are badly distorted by shearing 
during acceleration and deceleration of the rotor, so 
swing-out rotors are normally used for rate zonal separations. 
Angle-head rotors are,however, universally used for 
differential centrifugation and it has been shown that the 
behaviour of particles in these rotors is very close to 
that predicted by a theory of sedimentation which completely 
neglects the walls of the tube (Anderson, 1968). PifferentiaD- 
centrifugation in angle-head rotors has been used for routine 
separations,in spite of the inevitable cross contamination 
of fractions,because of its simplicity.
Three major methods of separating particles according 
to their density have been used. The simplest is to layer 
the particles over or under one or more layers of medium 
of differing density. After centrifugation, bands of 
material are recovered from the interfaces or as a pellet.
The purification of nuclei by the method of Blobel and Potter 
(1966), is an example. A more delicate approach is to 
layer the particles over a continuous gradient or to form a 
gradient in which the particles are incorporated. After 
prolonged centrifugation, the particles are found in zones 
which are monitored by collecting aliquots continuously 
along the gradient. Isopycnic zonal centrifugation,as this 
method is called, is used for the separation of membrane bounc
particles on gradients made from sucrose or a carbohydrate 
based polymer (Beaufay,1966) and also for the separation of 
ribonucleoprotein particles on gradients of caesium salts.
Because of the very high density of caesium ions, prolonged 
centrifugation causes the formation of a concentration 
gradient of the solute in which the particles will band 
isopycnically (Vinograd and Hearst,1962).. As high concentrations 
of salts dissociate ribonucleoprotein particles, these must 
be fixed in formaldehyde before fractionation on either 
preformed or equilibrium gradients (Spirin et al..1965).
Normally the purification of an organelle has two stages % 
the component is first concentrated by differential 
centrifugation and then purified by zonal centrifugation.
The choice of rate or iscpycnic zonal centrifugation depends 
on the nature of the particle to be isolated, but normally 
the former will be preferred as most particles show more 
homogeneity in density than in sedimentation coefficient.
The chief exceptions are ribonucleoprotein particles which 
can only be banded after fixation and the final stage in the 
purification of which, is therefore rate zonal centrifugation*
The advent of zonal rotors, though potentially 
revolutionary, bos not yet led to many new findings.
These rotors will eventually have three effects. Firstly; 
they increase the resolution of rate zonal centrifugation 
to allow the fine distinctions between the distributions of 
enzymes which show heterogeneity within a single class of 
particles. So, for example, Rahman, (1967) has shown 
that acid ribonuclease and acid phosphatase are not present 
in uniform proportions in all lysosomes. Secondly; the
high capacity of zonal rotors allows them to replace 
differential centrifugation in a fractionation scheme and s6 
supply a purer product for the second stage of the 
purification. Alternatively, they may he used for a rate 
or isopycnic zonal purification of a component already 
concentrated by differential centrifugation. Their high 
capacity will result in a correspondingly high yield of 
product. Finally, the high capacity of zonal rotors 
allows the analysis of many different enzymes or chemical 
estimations on each fraction of the gradient. This form 
of continuous scan is especially suitable for input to a 
computer program designed to calculate the proportion of 
some variable associated with each of the component organelles 
(Leighton et al.,1968)-, _
The Concept of the Plasma Membrane
Although the existence of cells in living matter 
has been known since the seventeenth century (Smith,1962) 
it was not until 1855 that the German botanist Nageli 
introduced the idea of a "Plasmamembran'" between the 
protoplasm of the cell and its external environment. By 
this term Nageli meant a thin membrane, distinct from the 
cell wall of: plant and bacterial cells. The same 
structure has been called the ,fcell membrane" by other 
authors. The thinness of the plasma membrane however, 
made it impossible to demonstrate its presence with the 
optical microscope and it was still possible in 1961 
for Ponder to write "If the reader of this chapter has 
concluded that the author is not convinced about the 
structure or even the necessary existence of the plasma 
membrane as generally described he wiD.l not be far wrong" 
Even in 1961,however, this was an unfashionable point 
of view, for the plasma membrane of many different types 
of cell had been visualised in the electron microscope* 
Experiments on the osmotic properties of cells and studie 
on the properties of the lipids which were believed to 
form the cell membran&jjreviewed by Jacobs (1962) and 
D&vson (1962) respectively], had also indicated the 
presence of a thin surface membrane. The main problem 
was the lack of any method for the preparation of 
purified surface membranes from any cell except the 
erythrocyte. In this case, the presence of haemoglobin 
in the intact cell made any comparison of the membrane 
preparations with the intact membranes very difficult,
for the electron dense haemoglobin makes it difficult 
to visualise the membranes of the intact cell by electron 
microscopy. There were ,however, indications that the 
red cell ghosts were very much thicker than would have 
been predicted if they had consisted solely of membrane.
Nowadays, the presence of a thin membrane surrounding 
the cell is taken as axiomatic. Initially, three views 
of the cell surface competed for attention. The first 
regarded the cell as having the properties of a coacervate 
drop. A second,similar,theory postulated a layer at the 
outside of the cytoplasm which polarised in response to 
the outside medium. Finally, the "thin membrane" theory 
saw the membrane as a definite structure with a relatively 
fixed composition.
The coacervate drop theory does not now seem to be 
tenable. The plasma membranes of many different cell 
types have been isolated and shown to possess the properties 
and morphology expected from examination of the intact 
cell. It is unlikely that a coacervate would break up 
in the same way under two stresses so dissimilar as 
fixation for electron microscopy and homogenisation. In 
a similar way the "polarised surface" theory is difficult 
to maintain when these iso3,ated membranes prove to have 
a chemical and enzymatic composition distinct from the 
rest of the cell, so that there is no evidence of that
dynamic equilibrium between the cell surface and the
■}
interior which would be required if this theory was to 
be differentiated from the membrane theory. The evidence 
of electron microscopy, the osmotic properties of cells 
and the properties of the chemical compounds which
apparently constitute the cell membrane are all consistent 
with the idea of a thin membrane of "fixed" structure.
The main difficulty is that the surface membranes of some 
cells, for example the eggs of the sea urchin Arbacia^ 
show more elasticity than would be expected if material 
could not be added to or subtracted from the membranes 
(Davson,1962). The problems raised by this and by the 
related problem of amoeboid movement have not yet been 
solved.
In the ensuing paragraphs the author proposes to 
discuss the structure of the plasma membrane of animal 
cells in some detail, but to pass over studies of cell 
permeability. These have been extremely useful in the 
investigation of the cell's interface with its environment, 
but the techniques used are specialised and it is difficult 
for the ordinary biochemist to evaluate the results. A 
detailed review of the equations governing transport 
and some of their implications has appeared recently 
(Diamond and Wright*1969), while the discussions by 
Harris (I960), and Ponder (1961), are still valuable.
i
In summary, these experiments have supported the idea of 
a lipid barrier, which is permeable to water, but not 
to larger hydrophilic molecules or ions. This barrier 
does, however, seem to contain specialised regions adapted 
for the uptake of particular types of molecules.
The Morphology of the Plasma Membrane
A discussion of the morphology of the plasma membrane 
may be divided into three sections, a study of the 
lipoprotein backbone of the membrane, a study of the
components peripheral to the backbone and a study of 
specialised regions of the membrane. In the following 
discussion, the present conception of the membrane will 
be considered. When the experimental work described 
in the body of this thesis was begun the theories of 
membrane structure were basically similar, but the lack 
of experimental results left many points open to speculation,
a) Central Components of the Plasma Membrane
Until the development of the electron microscope, 
and the development of techniques for cutting ultrathin 
sections, the plasma membranes of cells could not be 
identified as an independent morphological element. 
Development of these techniques and the use of osmic acid 
as a fixative permitted the visualisation of the plasma 
membranes of a pair of adjacent cells as a pair of electron 
dense lines, each about 60 % thick,separated by a 120 & 
gap. In the exceptional case of the brush border of the 
intestinal epithelium, the membrane could be resolved into 
two 40 $. thick layers separated by a more lightly stained 
25 % space. These early experiments were reviewed by 
Sjostrand in 3.956. Unfortunately, then, as now, much 
higher magnifications were used than cou3.d be justified 
by the techniques used for fixing, embedding and staining.
The warning Sjostrand gave then, "'<Ve should also be a 
little cautious when accepting the morphological appearance 
of various components as presented by the electron 
microscope after the necessarily drastic treatment of 
the tissue required for this technique", is still valid 
today*
If potassium permanganate is used as the fixative 
rather than osmic acid, a triple layered structure can 
he demonstrated in the plasma membranes of all cell types 
(Robertson,1959).. These results were interpreted as 
showing a three-layered "unit membrane", such as was 
predicted on theoretical grounds by Davson and Danielli, 
but the experiments were challenged because of the 
differences between the appearance of the membrane after 
staining with osmic acid and its appearance when stained 
with potassium permanganate. However, the use of epoxy 
resins for embedding and other developments in techniques 
have permitted the demonstration of a triple layered 
structure in most plasma membranes after fixation with 
osmic acid (Elbers, 1964), although there are still, 
differences in the dimensions of the structures visualised 
by different fixatives (Maddy, 1966). The i^roblem, as with 
all staining procedures, is to interpret the pictures.
It is very easy to say that "good" preservation has been 
obtained simply because the investigator can see what he 
wants to see.
The results of staining, either for the light or 
the electron microscope can only be interpreted if it is 
known with what chemical groups the stain interacts, and 
how the deposit is formed. It has not proved easy to 
decide the mode of action of osmic acid. Blbers (1964), 
reviewed the literature published up to that time and 
concluded that most of the osmic acid was reduced without 
forming any chemical bonds to the reducing groups, and 
that the resultant lower oxides of osmium became bound 
by electrostatic forces to the polar groups of the lipid.
In opposition to this point of view, Korn (1966 a and b^ 
isolated a fatty acid osmate, formed by cross linkage 
of two oleic acid molecules bjr an osmium bridge, from 
fixed membranes. He does not claim to account for all 
the osmium tetroxide reduction by this method, but believes 
that unbound reduced osmates are largely washed out of 
the membrane, together with the neutral fatty acids, during 
dehydration (Korn and Weisman,1967)• This result would 
suggest that most osmium deposition occurs in the bulk 
lipid phase. The interfacial theory is,however,supported 
by the results of Finean (1962), who showed by X-ray 
crystallography that the electron-rich regions of fixed 
and unfixed myelin had the same spacings. As the electron- 
scattering region of unfixed myelin is believed to be the 
lipid-protein interface, and, on fixation, the heavy 
metal will completely mas;k all other groups, these results 
argue that, unless the spacing of the membranes is greatly 
changed on fixation, the osmium is deposited on the 
lipid-protein interface. It has been argued that protein 
is involved directly in the production of the three-layered 
image, and the retention of a three-layered structure 
in lipid-free mitochondrial membranes has been cited in 
support (Fleischer et al.,1967). These membranes are, 
however, known to have a globular structure (Sjostrand, 1968) 
and Fleischer and his colleagues say that when the lipids 
of other membranes, including the red cell ghost,are 
extracted, the membranes collapse.
If electron micrographs of sections of the plasma 
membrane are interpreted as suggested above, there is
considerable evidence that the basic structure of the plasma 
membrane is a lipid bilayer, this being the organisation 
which Davson and Danielli suggested underlies all membrane 
structure. Sjostrand (1968) sums up "The appearance of 
the plasma membrane agrees with what would be expected of 
a membrane containing a bimolecular leaflet of lipid molecules 
sandwiched between two non-lipid layers, presumably containing 
protein. There is therefore no reason to question the 
Danielli-Davson model for the plasma membrane on the basis 
of these observations". Benedetti and Emmelot (1968a) 
reported the absence of any globular structure in isolated 
rat liver plasma membranes,but state that globular subunits 
are formed if the membranes are treated with EBTA, while 
Finean and his colleagues (1966a) reported that they could 
detect no repeating subunits along the surface of isolated 
plasma membranes by use of low-angle X-ray crystallography.
Although the plasma membranes of all the cell types 
which have been examined in detail seem to have a laminar 
structure, this is not true of all the intracellular membranes. 
‘Plasma membranes are classified with the "thick" membranes 
of the cell (Yamamoto?1963), which are characterised among 
other things by a very clear "unit membrane" pattern (Robertson,
1964). It is much more difficult to demonstrate a unit 
membrane pattefn in "thin" membranes such as those which 
form the endoplasmic reticulum, and there is, in this case, 
very strong evidence for a globular substructure (Sjostrand, 
1968). Such a globular structure is consistent with a 
micellar arrangement of the lipid in the membrane - a form 
of organisation which can also be found in dispersions of
various lipids (Glauert and Lucy,1968). For this reason, 
results obtained from "thin" membranes, such as the 
endoplasmic reticulum or mitochondrial membranes do not 
necessarily apply to "thick" membranes such as plasma membrane.
Three important questions on the membrane structure 
remain outstanding:^ Firstly, whether the basic membrane 
structure is modified at the sites where transport occurs. 
Secondly, what is the function of inorganic ions in the 
membrane. Thirdly, the relationship between the lipid 
bilayer and the protein molecules immediately adjacent to it,
i) Transport Sites
The fundamental question is whether transport occurs 
at only a limited number of sites which could reasonably be 
expected to maintain a peculiar structure or is so widespread 
that the "basic" structure must also be that of the transport 
sites. It has been estimated that there are about 800,000 
glucose transport sites (Stein,1968) but only 200 sodium 
and potassium pumping sites (Ellory and Keynes,1969) on 
the red cell membrane. The number of sodium and potassium 
pumping sites is, however, much higher in other cell types, 
the HeLa cell membrane having about 700,000 corresponding 
to yfo of the total membrane area (Baker and Willis ,1969).
In the electric organ of the eel Electrophorus, it has been 
estimated that 25$ of the membrane is active in pumping 
sodium and potassium (Albers et al.,1968). All the estimates 
of the proportion of the cell surface occupied by sodium 
and potassium pumping sites are based on the assumption 
that?when transport is inhibited by cardiac glycosides, 
there is one molecule of glycoside which is bound at each
pumping site. If the figures obtained in this way do stand 
up to closer examination, they show that sodium and potassium 
pumping sites alone account for a significant proportion 
of the surface area of the cell and that,therefore,it is 
unlikely that there is any interference with the lipid 
bilayer at pumping sites. If there were such frequent 
interruption, one would expect to be able to see the "pores", 
using the electron microscope and besides, if the bilayer 
is frequently interrupted,the energetic advantage of this 
arrangement is lost,
ii) The Function of Inorganic Ions in the Membrane
From the evidence available at the present time, it 
would seem that calcium ions play an important part in the 
maintenance of membrane structure. Three different effects 
of Ca++ on the cells have been tabulated, an effect on ceil 
adhesiveness, a ’hardening’ of the membrane in the presence 
of Ca*+ ions and an increase in cell permeability on removal 
of Ca++ ions by EDTA (Manery,1966). It is however, argued 
by Weiss (1967) that the disaggregation of cells in the 
presence of EDTA is due not to the breaking of Ca++ bridges 
between cells, but to a reduction in the stiffness of the 
membrane, which allows the separation of adherent processes. 
This would not seem to be a complete explanation, as distinct 
changes in the morphology of junctional complexes can be 
observed after treatment with EDTA (Cassidy and Tidball,1967). 
The hardening of membranes in the presence of calcium ions 
and the leakiness of calcium-depleted membranes which may 
result in permeability to molecules as large as proteins 
(Zimmerman and Hubsmann,1966, Murray et al.,1967), can be
explained by a fundamental change in membrane structure 
involving the appearance of, globular subunits (Benedetti 
and Emmelot ,1968). These observations can be interpreted 
as showing a change in the lipid structure from the lamellar 
to the micellar form. It would, therefore, seem that 
calcium ions stabilise the lamellar structure, possibly by 
combination with the phosphate groups of the phospholipids.
Magnesium ions appear to be necessary for maintenance 
of the structure of rat intestinal epithelium (Cassidy and 
Tidball ,1967), and many of the enzymes found in the plasma 
membrane are magnesium-activated (Emmelot and Benedetti 1967a) * 
Neville (1969) has reported that the binding of an 
organ-specific protein, which appears to make up about 10$ 
of the rat liver plasma membrane, is dependent on the presence 
of magnesium ions.
The affect of other ions on membrane structure is less 
well documented. The amount of inorganic material associated 
with membraneO is very small and a large proportion of the 
ions which are associated with isolated membranes in vitro 
have probably been taken up from the medium during isolation. 
Advances in the understanding of the actual role of 
inorganic ions in membranes will probably arise from study 
of the properties of membranes assembled in vitro in the 
presence of various ions. Study of the effects of chelating 
agents, such as EGTA, which have a strong affinity for one 
particular ion, may also yield useful information.
iii) The Protein of the Membrane
The original scheme of Davson and Danielli envisaged 
a thin layer of protein in the extended p-configuration
linked to the hydrophilic end of the lipid chains and 
possibly covered in turn by a layer of absorbed globular 
proteins (Davson, 1962). Examination of the infra-red spectra 
of red cell membranes (Maday and Malcolm, 1965) and of plasma 
membrane vesicles prepared from Ehrlich ascites cells 
(Wallach and Zahler>1968) indicates that very little, if any, 
of the membrane protein exists in the p-configuration. 
Measurements of the optical rotatory dispersion and of the 
circular dichroism of both these membranes gives positive 
evidence of the presence of peptide in the -helical 
conformation (Gordon et al.j.969). These authors of this 
study suggest that the differences they observe between 
membrane protein and isolated globular protein are due not 
to a fundamental change in the protein structure, but to 
interactions of the latter with the lipid portions of the 
membrane.
Whilst it is fairly easy to extract and fractionate 
the lipid components of isolated membranes, the membrane 
proteins are very intractable. Moreover, all membrane 
preparations are probably contaminated by absorbed proteins 
like those which have been shown immunologically to be 
present on isolated liver plasma membranes (Benedetti and 
Emmelot ,1968a)* The overall amino acid composition is 
remarkably similar for rat liver plasma membranes (Takeuchi 
and Terayama»1965), for the plasma membrane of Ehrlich 
.ascites cells (Wallach and Zahler,1968) and for human 
erythrocyte ghosts (Rosenburg and Guidotti ,1968)0 All have 
a high percentage of amino acids containing hydrophobic 
sidechains. The amino acid composition of the membrane 
of muscle cells, on the other hand, seem to be strongly
influenced by tbe presence of a collagen-like protein (Kono 
and Colowick,1961). An organ specific protein isolated 
from liver plasma membranes by Neville (1969), and which 
appears to comprise about lOfo of the total membrane protein, 
differs from the bulk of the membrane protein in containing 
a much greater proportion of polar amino acids. It is 
interesting that this protein is rather loosely linked to 
the main structure of the membrane by Mg** dependent bonds 
(Neville,1968).
Two forms of linkage between lipid and protein seem 
possible:- salt links,possibly involving divalent ions, 
and hydrophobic links. The presence of Ca++ and Mg++ bridges 
in the membrane is not consistent with the infra red spectrum 
of Ehrlich ascites cell membrane (Wallach and Zahler,1968), 
and the same authors argue that the extraction of lipids 
by relatively polar solvents indicates that all ionic 
interactions are fairly weak. Maddy (1966) pointed out that 
hydrophobic bonding between lipid and protein can only occur 
if the polypeptide chain penetrates through the polar face 
of the lipid bilayer, for the amino acid side chains are too 
short. He argues that this is unlikely. However, it has 
been shown that the lipid chains in the red cell membrane 
are not free to move as they would be in a pure lipid 
membrane (Chapman at aL ,1967), anc. it is suggested that 
this is due to penetration of the lipid layer by hydrophobic 
proteins. There are thus arguments against both the 
proposed mechanisms for the binding of lipid and protein 
in membranes and the verdict on either theory must be,
♦not proven*,
51.
Although, it is interesting that the plasma membranes 
are similar in the amino acid composition of the total 
protein, this is a veiy crude measurement with contributions 
coming from many different protein types. For a long 
time progress in fractionating the protein was held up 
because of its insolubility, but recently several methods 
have been described for solubilising red blood cell membranes, 
(Morgan and Hanahan, 1966, Bakerman and Wasemiller, 1967, 
Rosenburg and Guidotti>1968 and Zwaal and van Deenan, 1968). 
Methods have also been developed to solubilise rat liver 
plasma membranes (Neville, 1967, Bont et al.p.969)# Examination 
of the solubilised proteins shows them to be extremely 
heterogeneous,for example, 15 major bands and 10 minor 
bands were detected by Neville after polyacrylamide gel 
electrophoresis of solubilised liver cell membranes.
Interaction between proteins in vitro may be responsible for 
some apparent heterogeneity, for Rosenburg and Guidotti 
(1968) found that the pattern obtained after electrophoresis 
varied considerably with the characteristics of the gel.
Zwaal and van Deenan (1968) found very considerable differences 
in the electrophoretic behaviour of proteins solubilised 
from the cell membrane of the erythrocytes of several different 
species of animal. This would seem to indicate that no 
particular type of protein is essential to the structure of 
the cell membrane in the way that a particular group of 
proteins, histones, are firmly associated with DNA in the 
nuclear chromatin.
b) Peripheral Layers of the Plasma Membrane
The previous discussion has concentrated on the central 
core of 1he membrane and the properties of the inner and 
outer surface layers have been deduced only from their 
influence on the properties of the core. Fortunately, 
direct study of the surface layers is quite feasible and 
has given much information on their structure. The lipoprotei: 
backbone of the membrane does not seem to be directly in 
contact either with the cytoplasm or the outside environment. 
All cell types seem to have at least a thin coat of material 
outside the cell which is not stained by osmic acid and 
is therefore not normally seen in electron micrographs, 
there is also some evidence for a layer of poorly stained 
material on the inside of the cell membrane. This is 
revealed mainly as a ‘’forbidden space” with no identifiable 
structure, but which is not penetrated by the endoplasmic 
reticulum (Fawcett, 1966). This layer, often called the 
ectoplasm, is probably responsible for the amorphous material 
which adheres to the cytoplasmic face of isolated plasma 
membranes. (Benedetti and Emmelot, 1968a). The function of 
this layer is quite obscure* and there is always the 
possibility that it is an artefact of fixation. It is worth 
noting, however, that this layer is much more pronounced 
in amoeboid cells, forming an ectoplasmic layer visible 
in the light microscope, and the motility of such cells 
probably depends on the properties of this layer. Examination 
of the structure of the ground cytoplasm of slime moulds, 
which are highly motile, shows the presence of reticular 
elements in the ectoplasmic zone, which are thought to be 
involved in cell motility (Wohlfarth-Botterman,1964).
Similar elements have "been observed surrounding the 
pinocytosi's channels of ihe giant amoeba Chaos chaos 
(Marshall and Nachmia^ 1965)* It seems, however, that 
the ectoplasmic layer should be regarded morphologically 
as a specialised region of cytoplasm rather than as an 
extension of the plasma meinbrane, even though functionally 
it is closely allied to the latter. For example, shrinkage 
Amoeba proteus in high concentrations of glycerol or 
sucrose detaches all the cytoplasm from the plasma membrane 
leaving the latter with only a very thin ragged coat 
(0* Neill, 1964).
For obvious reasons, very much more is known about the 
outside surface of the plasma membrane than about its inner 
side. While direct study of the surface layer by electron 
microscopy is difficult because of the poor uptake of the 
usual electron-dense stains, there are several alternative 
methods for the study of the surface coat.
The motility of cells in an electric field has been 
used to examine ihe nature of the charged groups on the 
surface of the cell. These studies have? unfortunately, not 
been easy to interpret, but have indicated the importance 
of sialic acid iti the outermost layers of erythrocytes and 
Ehrlich ascites cblls (Maddy, 1966).
Information Useful to the biochemist may also come from 
analysis of the antigenic structure of cell Surfaces, in 
relation to medical problems encountered first in blood 
transfusion and, more recently* in transplantation surgery. 
Of the various blobd group substances in human erythrocyies, 
the ABO and lewis systems Would seem to be due mainly to
the terminal carbohydrates of mucopolysaccharides (Watkins, 
1962), whilst the MNS system seems to he attributable to 
glycopeptides containing sialic acid (Cooke and Eylar, 1966). 
The main conclusion that can be drawn from antigenic studies 
is that an enormous number of minor variations may occur 
in the molecules exposed at the surface of the cell without 
causing any detectable change in the properties of that 
cell. The possibility for variation is so great that it 
may reasonably be deduced that essentially the composition 
of any plasma membrane is peculiar to the individual animal 
from which the tissue was derived* It is also interesting 
that there would seem to be components of the surface 
membrane common to all the tissues of a given animal. 
(Dumonde, 1966).
There is thus evidence for a layer of glycoproteins 
and mucoproteins on the surface of most cells. This layer 
does not stain well with osmic acid or potassium permanganat 
and was therefore missed by early electron microscopists, 
except in specialised cells, such as amoeba, in which this 
surface layer is especially thick (O’Neill, 1964). In the 
amoeba Chaos chaos, this region may be resolved into an 
outer filamentous layer and a more amorphous inner region, 
the former staining with uranyl acetate, the latter with 
phosphotungstate (Marshall and Nachmias, 1965). A similar 
thick coat is found on the edge of the microvilli of the 
intestine (Fawcett, 1965), although here there is less 
evidence of a second layer underlying the filamentous coat.
Although conventional staining techniques for the 
electron microscope Were able to demonstrate the existence 
of surface coats Ch a number of absorbing cells* it was
thought that in most cells the plasma membrane was directly 
in contact with the outside environment, A number of studies 
have now shown the universal existence of a cell coat.
A light microscopic survey by Rambourg and his colleagues 
(1966) of 50 types of rat cells stained with periodic acid- 
Schiffs reagent or with colloidal iron indicated the 
existence in all cells of a surface layer rich in glycoprotein. 
It was noted that, in liver, bile canaliculi Were particularly 
heavily stained, although the membranes between adjacent 
cells and the sinusoidal surfaces also reacted.
As the latter study was carried out by light microscopy, 
the relation of this stained layer to the plasma membrane 
could not be studied. However, when neutrophil leucocytes 
were treated with colloidal thorium,particles could be 
seen by electron microscopy, bound to an invisible layer 
extending 200 to 300 S beyond the plasma membrane (Revel 
and Ito,1967). These authors could not, however^ demonstrate 
such a coat on red blood cells. Rambourg and Leblond (1967) 
demonstrated the binding of colloidal thorium to material 
lying outside the plasma membranes of a variety of 
epithelial cells. They considered that it is bound in the 
same way as colloidal iron and therefore serves to trace 
the acidic groups of carbohydrates (Curran et al. 3-965) 
and sialic acid moieties (Gasic and Berwick, 1962, Benedetti 
and Emmelot, 1967).
The normal periodic acid-Schiff1s reaction does not 
give electron dense deposits. Rambourg and Leblond (1967) 
showed that, following oxidation, with, periodic acid, staining 
with silver methenamine produces the same results as use
of the Schiff!s reagent and formed an electron dense deposit. 
Examination showed heavy specific staining of the plasma 
membranes of all cell types except erythrocytes. Lysosomal 
membranes, golgi saccules, basement membranes and mucus 
are also 3tained. The authors claim that the electron 
micrographs indicate deposition of the stain outside the 
plasma membrane proper. Unfortunately, the hepatic cell 
was not covered in this study. Emmelot and his colleagues 
(1963), however, showed that the plasma membrane of liver 
cells was specifically stained by phosphotungstic acid at 
low pH. Staining of lysosomal membranes was also observed.
As phosphotungstic acid has been shown to stain like periodic 
acid-SchiffTs reagent (Pease, 1966), the staining of the 
plasma membrane is evidence for a glycoprotein coat.
It has been suggested by several authors that a layer 
external to the plasma tnembrane is stained by lanthanum 
ions (Doggenweil.er and Frenk, 1965, Lessops, 1967, Schatzki 
1968). The lanthanum staining was produced either by 
staining with lanthanum nitrate before fixation with potassium 
permanganate, or by fixation in lanthanum manganate. The 
deposit seemed to be localised in a 50 2 thick layer on 
the outer surface of the cells, which disappears at tight 
junctions. The stainable material was not removed by 
proteolytic enzymes, DNAase, amylase or N~acetyl neuraminxdas 
It was, however, removed, but not destroyed, by phospholipase 
C. After a brief digestion with this enzyme* the stained 
material was found rolled up into droplets still attached 
to the membrane (Lesseps, 1967) * Liver behaves in the same 
way as extra-hepatic tissues with this stain. The bile 
canaliculi are normally filled with the stain, but, if they
are dilated owing to biliary obstruction, the bulk of the 
stain is lost, leaving only a layer around the cell wall? 
(Schatzki, 1968). A certain amount of doubt is cast on these 
results by the contention of Revel and Karnovsky (1967) 
that lanthanum hydroxide at pH 7.7 acts simply as a 
negative stain outlining the extracellular space, which, 
in the opinion of these authors, includes the 50 2 gap 
between adjacent cells which is stained Specifically” by 
lanthanum hydroxide according to other authors. However, 
no evidence is produced by Revel and Karnovsky to justify 
their contention that ”While it is likely that some binding 
occurs, we believe this to be of minor importance in our 
results”. It is of course to be expected that colloidal 
lanthanum hydroxide will act as a non-specific stain for 
intercellular space* However, as the specific staining 
reactions are performed at pH 5.8 to 6.2 to avoid the formati 
of the hydroxide, it seems likely that the deposits between 
cells seen by Revel and Karnovsky are due to the staining 
of an extracellular layer as well as the outlining of a 
space, Unequivocal evidence that large molecules can 
penetrate the intercellular space is presented by Farquehar 
and Palade (1963)* This may be reconciled with the theory 
of an extracellular coat which normally almost fills this 
space if this coat is thought of as a loose filamentous 
mesh, such as has been described for intestinal microvilli 
and amoebal cells, rather than a solid layer.
There is no indication of acidic or basic groups on 
the cell surface in the election micrographs of Seligman 
and hik colleagues (1968), who stained cells with acidophilic 
and basophilic co-ordination complexes containing osmium.
(This is veiy surprising in view of the evidence for 
glycoprotein and •muooprotein in the plasma membrane. It is 
also odd that the osmlbphilie layer on the cytoplasmic side 
of the lipoprotein double membrane is consistently thicker 
and more heavily stained than the outer layer (Sjostrand, 1968)
The most convenient method of studying the outer surface 
of the cell is by negative staining. Because of the thickness 
of the whole cell, it is necessary to use preparations of 
isolated membranes, which have only recently become available* 
A granular staining pattern showing » knobsr with ah apparent 
diameter of between 50 and 60 2 has been demonstrated on 
the outside surface of intestinal microvilli (Overton et alM
1965), and of liver cell membranes (Benedetti and Emmelot 1965 
Cunningham and Crane (1966) claim that these can be USed as 
a specific means of identifying plasma membrane fragments 
in a mixture of several different types of membrane. These 
particles seem to represent a genuine specialisation of the 
cell surface and not to be artefacts of staining. They have 
been isolated both from the intestinal brush border (Oda 
and Seki, 1966), and from liver (Emmelot et al> ,1968) and 
found to possess an enzyme content distinct from that of the 
residual plasma membrane.
To summarise the evidence presented in the last two 
sections, the plasma membrane appears to consist of a lipid 
bilayer which is overlaid, and possibly penetrated, by a
layer of globular proteins. This basic structure is flanked
!
on the extracellular side by a glycoprotein coat, probably 
filamentous in nature, which is responsible for most of the 
surface properties of the cell. Immediately inside the cell 
is a specialised region of cytoplasm. Both the external
and internal layers may be detached to leave the basic 
lipoprotein core. The presence of all the layers is probably 
necessary for the function cf the membrane, the outer layer 
being the site at which particles destined for transport 
into the cell are bound, whilst the inner layer is important 
in the mechanisms for changing the shape of the cell.
c) Specialised Regions of the Membrane
Whilst the whole of the plasma membrane seems to have 
the same fundamental structure, numerous specialised 
regions* both permanent and temporary, are found on the surface 
of cells* Temporary features, which do not involve any 
visible change in the structure of the plasma membrane, 
include the pseuaopoda of amoeboid cells and the various 
foldings of the plasma membrane which occur during pinocytosis 
and phagocytosis (Fawcett, 1965). In some cases, however, 
the absorption and uptake appears to be restricted to 
specialised regions of the cell membrane., which develop a 
distinctive 1 fuzzy* appearance that is maintained even after 
the pinocytotic vesicle has pinched off from the cell membrane. 
The genesis and structure of these specialised regions 
remains obscure.
A great deal more is known about the specialised 
regions on the surface of the cells of solid tissue which 
are responsible for cell adhesion. Three basic types of 
junctional complex have been described; l) tight junctions 
or zonulae dccludentes in whidh the membranes of the two 
cells fuse to give a five-layered structure, 2) intermediate 
junctions or zonulae adherentes where the plasma membranes • 
do not fuse but ruh parallel separated by an intercellular
plug and 3) desmosomes or maculae adherentes, which unlike 
the previous two types are isolated plaques of material rather 
than belts surrounding the whole cell. In thin section 
they have some resemblance io the intermediate junction 
but the intercellular material is denser and there are 
differences in the areas of condensed cytoplasm which is 
found on the intracellular side Of both these junctions 
(Farquehar and Ealade,1963). This list of cell junctions 
is not exhaustive, and indeed variant types of desmosome 
(Farquehar and Balade,1965), and of tight junction (Revel 
and Karnovsky*1967) have been described. Septate junctions 
(Wiener et al. ,1964) should probably be regarded as a variant 
form Of tight junction. It is likely that the various types 
of cell attachment are distinguishable by function, as well 
as by morphology. A diagrammatic representation of the 
various types of junction is given in Fig. 1.1.
i) Desmosomes
The desmosomes are thought to function mainly in cell 
adhesion. A typical desmosome is a small plaque of material 
on the cell surface, in contrast to the belts of tight 
and intermediate junctions which surround the cell. The 
gap between the cell membranes is filled with a dense 
material which may show transverse densities when thin 
sections are examined under the electron microscope (Benedetti 
and Emmelot, 1968a). Although intact desmosomes do not stain 
for sialic acid groups, these may be demonstrated when 
the desmosomes are opened by treatment with EDTA (Benedetti 
and Emmelot, 1967). The intracellular side of a desmosome 
is marked by a rigid plaque of material which forms an 
anchorage point for filaments extending into the call
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Pig. 1.1. Diagrammatic illustrations of A) a tight junction 
B) a loose junction, C) a desmosome and D) the arrangement 
of the different types of junction around a cell.
E) Diagrammatic illustration of transport in an epithelium.
(Farquehar and Palade, 1963). Desmosomes are not thought 
to function in cell communication on the grounds that 
there are large numbers of desmosomes in non-communicating 
nerve cells, while there are none in the communicating 
cells of Chironomus salivary glands (Bullivant and 
loewenstein, 1968), These junctions are thought of as 
adhesion elements but this does not seem to explain the 
presence of the intracellular plaque and its associated 
filaments.
ii) Intermediate Junctions
The reason for the existence of two belts of junctional 
complexes surrounding the cell is nbt yet apparent. The 
width of the belt of intermediate junctions is very variable 
between different cell types and indeed it may be completely 
absent. The reduction in widrh of the zonula adherens in 
certain cell types is compensated for, to some degree, 
by an increase in the width of the zonula occludens (Farquehar 
and Palade 1963)«
iii) Tight Junctions
More is known about the structure and function of the 
tight junction or zonula occludens than about the other 
two types of cell junction. For most of the length of 
the tight junction, the two membranes fuse to give a 
five-layered structure. At some points, however, the 
intermediate line may disappear completely, but at other 
points a local splitting of the membranes may be observed 
(Farqhehar and Palade, 1963). The tight junctions may be 
isolated from purified rat liver plasma membrane as a residue; 
after dissolving the bulk of the membrane in detergeht
(Benedetti and Emmelot,1968b). High resolution electron 
microscopy of these isolated junctions shows the central 
line to have a globular substructure. This is not apparent 
in the intact junctions of isolated membranes, but may be 
produced by treating the membranes with EDTA (Benedetti 
and Emmelot, 1968a), If, however, thin sections are stained 
with lanthanum hydroxide, a hexagonal substructure is 
revealed in the tight junctions of both liver and heart 
(Revel and Karnovsky, 1967)• These authors distinguish 
between truly tight junctions, such as are found in intestinal 
epithelia, and the junctions found in tissues such as liver 
and heart, where a thin intercellular deposit of lanthanum 
is formed. They believe that it is the latter form of 
junction which is responsible-for cell communication. An 
analogy may be drawn between tight junctions and the septate 
junctions found in some insect salivary glands. These 
structures, which occur where tight junctions would have 
been expected in mammalian tissues, do not show complete 
fusion of the membranes in the junction zone, but instead 
a series of bridges extend across the intercellular space 
to join the two membranes (Wiener et al. 1964). It is 
interesting that these junctions are thought to provide the 
means of cell communication in tissues in which they are 
present (Bullivant and loewenstein, 1968).
Three functions have been postulated for the belts of 
tight junctions which surround epithelial cells. Beside 
their obvious role in providing mechanical adhesion between 
cells, it has been demonstrated that they form an 
impermeable barrier to the diffusion of small molecules
between the two sides of an epithelium (Fig. l.le) (Farquehar 
and Palade,1963)• The same authors also suggest that 
the junction belts are impermeable to water and small ions, 
However, while the junctional belts seem to be quite 
impermeable from the extracellular side,it is likely that 
they provide the means for the very extensive system of 
cell communication, extending to'molecules a© large as serum 
alhtain, which exists in normal epithelia (Kanno and 
loewenstein,1966). Intercellular communication appears 
to be due to an unstable alteration in the properties of 
the membrane. Communication may be interrupted reversibly 
Chironomus by prolonged cooling and stopped irreversibly 
by treatment with DNP (Politoff et alsl967). The 
maintenance of cell communication may well depend on an ion 
pump in the cell, for injection of calcium ions into the 
cell immediately interrupts cell communication (loewenstein 
et al. 1967). The paradoxical observation that injection; 
of EG-TA also blocked cell communication (Kanno and loewenstein,
1966) may be explained by postulating damage to the cell 
membrane which allows extracellular calcium to enter 
(loewenstein et al* 1967) *
Intercellular communication may well play a vital role 
in morphogenesis (Tsanev, 1970), the interpenetration of 
metabolites providing means by which cells influence each 
others1 evolution. Two groups of experiments point towards 
this. The cells surrounding a wound in urodele skin 
immediately insulate themselves from their injured neighbours 
and there is a reduction in commuhication in the zone 
surrounding the wound preOeding the cell division which will
heal the wound. After the wound has closed there is a parallel 
between the inhibition of cell division and the establishment 
of communication between the two sides of the closed wound 
(Loewenstein and Penn, 196?). Secondly, while cells in 
regenerating liver (Loewenstein and Kanno, 1967) and cells 
of benign goitrous thyroids (Jamakosmanovid and Loewenstein,
1968) are normal in their degree of intercommunication, 
cancers of both these tissues show no intercellular 
communication at all and, in fact, create in the surrounding 
normal tissue a zone of reduced cell communication such as 
exists in a wound. The possibility that one of the vital 
events in carcinogenesis is an alteration in cell permeability 
due, maybe, to a change in the structure of the cell junctiotial 
complexes cannot be neglected.
Purification of Plasma Membrane Fragments
When the work described in this thesis was begun in 
1966, very few methods for the purification of plasma 
membrane fragments from tissue homogenates had been 
developed (Reid 1966). Since then there has been a great 
surge of interest in the plasma membrane, reflected in the 
development of numbers of methods for its purification and 
also in studies of its properties. The author therefore 
proposes to leave detailed discussion of the isolation, and of the 
properties of isolated plasma membrane until later, when they 
can be discussed together with the work to be presented in 
the body of this thesis.
The earliest studies of the properties of isolated 
membranes were carried out on red cell membranes. As these 
cells have no internal structure the membrane can be
prepared simply by lysing the intact cell and washing 
out the haemoglobin. For a long time controversy raged 
over the nature of this 1ghost1 (see Fonder, 1961), but it 
is apparent from electron micrographs that it does indeed 
consist almost entirely of the cell membrane. Unfortunately., 
the red blood cell is very atypical, neither growing, nor 
producing material for export, nor dividing. It is therefore 
risky to extrapolate from properties of the red cell membrane 
to those of other plasma membranes.
The first problem in purifying cell surface membranes 
is to find some method for identifying the product. In the 
absence of established enzyme markers, early Workers relied 
either on morphologica3. or antigenic criteria. These early 
methods are discussed by Wallach (1967). At the outset 
of the present work, methods had been described for the 
isolation of plasma membrane fractions from rat liver, 
kidney and thyroid, from toad bladder, Hela cells, L cells, 
Ehrlich ascites cells, polymorphonuclear leucocytes and 
Amoeba proteus. The brush border of the intestine, an 
extremely specialised region of the surface of the absorbing 
cells, had been isolated and fractions prepared which seemed 
to derive from the lipoprotein membrane, . The 1membrane? 
of muscle cells had been separated but the only thing that 
can be said for certain about these preparations is that they 
contained much material which is not directly associated 
with the lipid bilayer. All of these preparations, with 
the exception of those from Ehrlich ascites cells * those 
from leucocytes and some of those from liver were Oomposed 
of large sheets of membrane which could be recognised by 
light microscopy.
Basically all the methods for preparing large sheets of 
plasma membrane fragments from liver, were based on the 
method of Neville (i960). In this method, liver was 
homogenised in dilute sodium bicarbonate, A low speed 
pellet was separated and carefully washed to remove 
mitochondria and other organelles. The membrane fragments 
were separated from the nuclei, by flotation from a sucrose 
solution of density 1.22. The method was improved and fully 
checked by Emmelot and his colleagues (Emmelot and Bos, 1962, 
Emmelot e_t al., 1964), and their adaptation has become the 
classic method for isolating liver cell membranes. Hersenburg 
and Herzenburg (1961) varied the method by homogenising in 
0.25 M sucrose and floating from NaBr rather than sucrose.
The method of Neville as developed by Emmelot has been 
applied to the separation of plasma membranes from intestine 
and kidney (Coleman and Einean, 1966), from toad bladder 
(Hays and Barland, 1966), from thyroid (Turkington, 1962) 
and from HeLa cells (Holland, 1962). In the two latter 
cases, no supporting evidence for the purity of the fractions 
was provided and the results must therefore be treated 
with caution.
Warren and his colleagues (1966) isolated L cell 
membranes by a series of procedures which have a basic 
similarity to the method of Neville, but include an initial 
toughening of the membrane by agents such as DTNB or fluoresce 
mercuric acetate (EMA), or acetate buffer at pH4, in order tc 
prevent fragmentation of the membrane during homogenisation* 
They state at the end of the paper that treatment with 
0.1 M Tris pH 7.4 has the same effect and it is difficult 
to see why use was made of the other treatments which are
certainly liable to damage the membrane. However, as they 
revert to the FMA method in a subsequent paper (Warren and 
Glick,1968), there would seem to be snags in the fTrisl 
procedure. Another method which relies on a preliminary 
treatment of the membrane to reduce the adhesion of the 
cytoplasm to the membrane is the method described by OfHeill 
(1964) for Amoeba proteus. Prolonged treatment with 
hypertonic sucrose or glycerol results in shrinkage of the 
cytoplasm away from the membrane, which can then be released 
by gentle homogenisation.
If the surface of free cells is not pretreated, the 
membranes tend to fragment during homogenisation to rform 
small Vesicles which sediment together with fragments of 
the endoplasmic reticulum. Wallach and his colleagues 
carried out a long series of studies directed towards 
separating these two families of vesicles. These studies 
were reviewed by Wallach (1967); Density equilibrium 
centrifugation with several different gradient materials 
was used in these studies and a strong dependence of vesicle 
density on the pH of the medium and on the nature and 
concentration of the divalent ions present in the medium 
was found. The most satisfactory results were obtained 
by equilibrium centrifugation in Picoll gradients buffered 
to pH 8.6 and containing 1 mM MgClg.
Woodin and Wienecke (1966a), applied a somewhat 
similar approach to the fractionation of leucocyte membranes, 
and separated a light membrane fraction which they 
identified as deriving in part from the plasma membrane 
by its ability to inactivate leucocidih* Although they
studied the chemical composition of their fraction (Woodin 
and Wieneke 1966b), there is not sufficient information 
tc assess itj homogeneity. El-Aaser and his colleagues (1967)? 
by means of equilibrium density centrifugation in a zonal 
B-IV rotor, achieved a very considerable separation of membrane 
fragments deriving from the rat liver plasma membrane and 
endoplasmic reticulum, later worlvhowevef, has shown that 
the plasma membrane-rich fractions are contaminated very 
considerably by mitochondrial outer membfanes and other 
unidentified components (Fitzsimons,1969* K.A. Norris, 
unpublished experiments). Ashworth and Green (1966) applied 
to liver the method used by Wallach and Ullray (1962) for 
Ehrlich ascites cells. The key step in this procedure is 
an equilibrium centrifugation such as was used by El~Aaser et al* 
(1967), As no checks on the purity of the preparations 
from liver were made, it is reasonable to assume that it is 
contaminated in the same way and that caution should be 
exercised in extrapolating from the properties of this 
preparation to the properties of plasma membrane.
Preparations of the membranes of skeletal muscle have 
been made. Kono and Golowick (1961) employed a series of 
salt extractions to remove the contents of the muscle cells 
followed by a density equilibrium centrifugation to remove 
collagen and "granules”. McCollester (1962) found that 
simple extraction with water at room temperature sufficed 
to remove the contents of the cells,provided that the 
tissue had previously been autolysed by a short incubation 
at 37° or a longer incubation at 0°, Later* McCollester 
and Semente (1964) found that autolysis could be replaced
"by treatment with Ca‘H ' at 0°. light microscopy was the 
only means used to assess the purity of these preparations. 
Both procedures are rather violent, one using very strong 
salt solutions, the other very hypotonic solutions at 
a rather high (20° - 24°) temperature. In the absence 
of any electron micrographs it is impossible to assess the 
morphological origin of the material, but the presence of 
whole capllliaries attached to the preparations of McCollester 
and the collagen-like composition of the preparation of Kono 
and Colowick make it unlikely that cell surface membrane 
constitutes more than a small proportion of either preparation
The isolation of intestinal brush borders has recently 
been the subject of a review by Porteous (1969)* As is clear1 
shown in this review, isolated brush borders maintain a 
high degree of organisation, the microvilli retaining their 
cores and a portion of the neighbouring cytoplasm remaining 
attached. Subfractionation of the brush borders has 
provided preparations which probably derive mainly from 
the membranes of the microvilli, A series of studies by 
Eicholz and his colleagues (Eicholz and Crane, 1965, Overton, 
Eicholz and Crane, 1965, Eicholz, 3.967) showed that treatment 
of the brush border with 1 M Tris pH 7,6 shattered the 
brush border structure, releasing the coats of the microvilli 
from the cores. The various components could then be 
separated on a glycerol gradient and the membranes recovered 
as intact sheaths, Hubscher, West and Brindly (1965) 
disrupted the brush border by treatment with a Waring 
blender. The vesicular sediment obtained by this 
treatment probably consists mainly of disrupted microvillus
membranes. However, it is certainly contaminated by fragments 
of the other membranes contained in the original brush 
border preparation, including nuclear membranes, and may 
be contaminated by fragments of microvillus cores, for 
these are very difficult to recognise in thin section 
(Overton et al.,1967). As the membranes isolated by the 
procedure of Eicholz have been subjected to solutions of 
very high ionic strength which may extract proteins from 
the membranes, it must be concluded that there is no fully 
satisfactory way of preparing plasma membrane from 
intestinal mucosa.
The Synthesis of RITA in the Living Cell
The synthesis of ENA, and the subsequent transformation 
of the various species thereof, may be followed using 
radioactive precursors. Apart from a little synthesis 
of ENA in mitochondria and some synthesis of homopolymers 
at cytoplasmic sites, ENA synthesis is confined to the 
nucleus (Prestcott, 1964)* As the role of the homopolymers 
is uncertain and as mitochondrial ENA is probably used 
mainly within the mitochondrion, attention will be focussed 
on the ENA synthesised in the nucleus, which undoubtedly 
represents the major source of cytoplasmic ENA. The ENA 
synthesised in the nucleus is, however, much changed in 
the course of its translocation to the cytoplasm and, 
moreover, it is mainly packaged into ribonucleoprotein 
particles. As most authors have sought to investigate 
aspects of the transport of ENA prior to its incorporation 
into polysomes, this theme will predominate in the 
discussion of the literature which follows.
There are at least three different groups of ENA 
molecules with known functions in the cell, which are those 
required for protein synthesis by the classical scheme of 
Jacob and Monod (1961), first proposed for bacteria hut now 
believed to apply to all living organisms. The major type, 
accounting for over two-thirds of the RNA of animal cells, 
is the ribosomal structural ENA. The function of these 
ENA molecules seems to be to provide a jig for the assembly 
of proteins, the template being provided by the messenger 
ENA i&olecules which carry information from the DNA of the 
nucleus* This information is interpreted by transfer ENA 
molecules, which have the ability to bind a specific amino
acid and to recognise the appropriate codon on the strand 
of messenger RNA.
In addition to the RNA species which are clearly 
connected with protein synthesis and their nuclear precursors, 
there are a number of "odd” RNA molecules whose role is 
not at all clear. Notable among these are the very large 
ENA molecules whose turnover is entirely within the nucleus* 
For reasons which will be discussed later, it is very 
difficult to distinguish between these mole cu3.es and the 
precursors of cytoplasmic ENA. There are also reports of 
cytoplasmic ENA species with unknown functions, such aii' she 
10 S polyadenylic acid isolated from rat liver microsomos 
by Hadjivassilou and Brawerman (1966).
While the complete nucleotide sequence of a number 
of transfer RNArs is known, little is known about their 
synthesis. As is appropriate to a small molecule, this 
synthesis seems to be very rapid, possibly involving a 
slightly larger precursor (Darnell, 1968, Burdon and Clason, 
1968). Transfer of the newly synthesised RNA to the 
cytoplasm is extremely rapid but, on the other hand, 
substantial amounts of transfer RNA, identified by its 
ability to accept amino acids, have been found in the 
nuclei of Novikoff hepatoma cells (Moriyama et al., 1969) 
and of HeLa cells (Weinberg and Feniiian, 1968). Transfer 
RNA is not made in the nucleolus, as is shown by its being 
actively synthesised in an anucleolate mutant of Xenopus 
laevis (Brown and Litk^ 1965). Thehe is a cytoplasmic 
enzyme capable of subtracting and replacing the three 
terminal nucleotides of the transfer ENA chain, but in
rat liver, the terminal adenosine residue turns over 
independently of the rest of the chain (Landin and Moule, 
1966).
The "bulk: of the cell!s RNA is packaged into ribonucleo- 
protein particles of various sizes. Many schemes for the 
production of these particles and the RNA which they contain 
have been suggested. The experiments on which these theories 
are based have been performed on only a limited number of 
tissues and have been especially concerned with cells in 
tissue culture. There are, however, good reasons to assume 
that the mechanism for the elaboration of ribonucleo'orotein 
particles is the same in all animal cells.
One reason for assuming that the basic mechanism 
for the elaboration of RNA is the same in all animal cells, 
is the assumption normally made by biochemists that, because 
of the complexity of an animal cell, any basic change in 
one important system would interfere so badly with other 
systems as to prove lethal. In other words, once an efficien 
biochemical system had been evolved, it would be expected 
to be very stable. So far this has appeared to be correct in 
practice as well, and the assumption will be made in the 
following discussion that differences in the RNA production 
of various tissues are due to a difference in emphasis, 
each tissue synthesising the RNA required by its particular 
metabolic state. The results obtained from various tissues 
are therefore complementary* each illustrating a particular 
aspect of RNA production.
The positive evidence for this last statement lies 
chiefly in the results of experiments in which the nucleus 
of one type of cell is transplanted into another, not
necessarily of the same species (see Gurdon and Woodland 
1968). These experiments show that the nucleus is rapidly 
transformed from its original state, whether resting, making 
ENA or making DNA in preparation for cell division, into 
the state appropriate to the recipient cello In the same 
way, the type of ENA synthesised may he changed, in the 
case of transfer of an 1 adult1 nucleus to an egg cell, from 
predominantly ribosomal to predominantly DNA-like (Gurdon 
and Brown,1965). These changes show that the control of 
ENA synthesis is not changed during differentiation. At the 
other end of the ENA "pipeline", it can he shown that 
ribosomes can he programmed with many types of messenger.
The polysomes of Xenopus laevis embryos actively incorporate 
ENA. These embryos do not synthesise any ribosomal
ENA until a late stage in their development, but draw on 
supplies built up in the oocyte. Hence existing ribosomes 
are being reprogrammed with new messenger to synthesise 
the proteins appropriate to the particular stage of 
development and differentiation which that particular cell 
has reached (Brown and Gurdon, 1964).
The Origin of Bibosomal ENA
There is very strong evidence that nearly all ribosomal 
ENA is made in the nucleolus. An anucleolate mutant of 
Xenopus laevis develops normally while ribosomes are supplied 
from the store built up in the oocyte, but synthesises none 
of its own and, in fact, dies soon after the point at which 
ribosomal ENA synthesis commences in normal larvae (Brown 
and Gurdon,1964). Irradiation of the nucleoli of HeLa cells
almost completely halts the labelling of cytoplasmic RNA 
(Perry et al.,1961). More than 75$ of the cistrons for 
ribosomal RNA remain with nucleoli during isolation (Steele, 
1968). Nucleolar high molecular weight RNA, unlike 
nucleoplasmic heavy RNA, is similar to ribosomal RNA in base 
composition (Muramatsu et als^L966a) and if, after a brief 
exposure of the tissue to a radioactive precursor, RNA 
synthesis is inhibited by actinomycin D the previously 
labelled RNA of nucleoli can be seen to be converted to 
ribosomal RNA (Muramatsu et al., 1966b).
This evidence is strong enough to make it almost certain 
that there is no synthesis of 18 or 28 S ribosomal RNA 
outside the nucleolus and. that a very high proportion of 
the RNA made in the nucleolus will be incorporated into 
ribosomes or degraded within the nucleus.There are, however, 
in ribosomes two small RNA molecules in addition to the 18 
and 28 S RNA1s. Both are associated with the large subunit 
of the ribosome, one molecule of each being attached to 
each subunit. One of these minor RNA molecules is so tightly 
bound to the 28 S RNA that it is released only by extraction 
with hot phenol (Pene St al.p.968). This RNA sediments at 
5.5 S (Weinburg and Pehman, 1968), but is often called 7 S 
RNA, this being the first estimate made of its sedimentation 
coefficient. It is associated v.ith ribosomal 28 S RNA from 
the time the latter first appears in the nucleolus and is 
thought to derive from the same precursor.
The second minor RNA is much more loosely bound to the 
28 S RNA and escaped detection merely because its si?e 
(it sediments at 5 S) is similar to that of transfer RNA.
It may be readily separated from the latter by gel 
electrophoresis (Knight and Darnell, 1967j and is present in 
equimolar quantities with 28 S RNA in nuclear and cytoplasmic 
f50 S* particles. It is not,however, synthesised in 
parallel with the other ribosomal RNA, and there is a large 
intranuclear pool of complete 5 S RNA molecules. The 
anucleolate mutant of Xenopus laevis, which almost completely 
lacks DNA complementary to 18 and 28 S ribosomal RNA has a 
full complement of genes for 5 S RNA (Brown and Weber* 1968a)„
The nature of the precursors to 5 S RNA is not known. 
Fractionation of DNA on CsCl gradients shows the DNA 
complementary to 5 S RNA to be "light" (i.e. A T rich).
As 5 S RNA itself is & C rich, this indicates that the 
section of genome coding for 5 S RNA is embedded in an area 
of DNA with a very different base composition. If, however, 
the DNA is hybridised with 5 s RNA before centrifugation, 
its density is increased, indicating that the genes for 5 S 
RNA are clustered (Brown and Weber 1968a). As yet, it is 
not known whether a large RNA molecule containing many 5 S 
sections is produced or whether each 5 S section is transcribe 
as a unit e
Although 5 S RNA is clearly synthesised at a different 
site from the other ribosomal RNA, the switching on and off 
of 5 S RNA synthesis during embyonic development occurs 
at the same time as that of the other ribosomal RNA 
(Brown and Littna, 1966b) and although anucleolate mutants 
have the gene for 5 S RNA they do not make any (Brown, 196?).
It is, therefore, clear that the synthesis of 5 S RNA must 
be controlled in some way from the nucleolus. This control
must be exercised at the translation stage, for while the 
number of genes for ribosomal RNA increases enormously 
during development, there is no change in the number of 
genes for 5 S RNA.
Although the nucleolus has been shown to be the site 
of synthesis of 18 and 28 S ribosomal RNA and it has been 
demonstrated that the genes for ribosomal RNA are multiplied 
many times (Brown and Bawid, 1968, Stevenin eib al., 1968), 
the DNA coding for the ribosomal RNA molecules is only a 
small proportion of the nucleolar DNA (Brown and Weber, 1968a), 
in liver being only about lft> of the total (Steele, 1968).
The function of the other 99$ of the DNA is not known. The 
transcription of the nucleolar DNA is performed by a 
distinctive enzyme. Radioautography has shown that the 
magnesium activated synthesis is located mainly in the 
nucleolus, the nucleoplasmic enzyme being activated by 
manganese and ammonium sulphate (Maul and Hamilton, 1967?
Pogo el; al*, 1967). The activation by ammonium sulphate 
occurred at concentrations well below those required to 
damage the nuclear morphology.
The course of RNA synthesis can be followed clearly in 
HeLa cell cultures because of the ease with which labelled 
precursors can be administered. Five minutes after the 
addition of a labelled nucleotide to a cell culture, the 
newly formed RNA is very heterodisperse, but in the next 
ten minutes a distinctive peak of RNA sedimenting at 4-5 S 
becomes apparent (see Perry, 1967). The newly formed RNA 
with a ribosome-like base composition is concentrated in 
the 45 S region. A rapidly labelled 45 S RNA with a G C rich 
base composition has also been found in liver.
(Muramatsu at al., 1966b), L cells (Perry, 1966), Ehrlich 
ascites cells (Roberts and D'Ari, 1968) and thyroid slices 
(Seed and Goldberg, 1963).
The nucleoli of liver (see Busch et aL,1966) and HeLa 
cells (Penman et al.jL966) can be isolated practically free 
from contamination by chromatin* The nucleic acids of 
these isolated nucleoli can be extracted, apparently quite 
intact. Gradient centrifugation of the RNA from these 
isolated nucleoli showed RNA species sedimenting at 45 > 32 
and 3L8 S (Penman et al*,1966). After addition of a labelled 
precursor, radioactive RNA appears first in the 45 S fraction 
(Muramatsu £t al,^966a). Steel, and Busch (1966) subsequently 
identified a 55 S RNA in liver nucleoli, which seemed to be 
labelled more quickly than the 45 S RNA. This molecule, has 
not been identified in HeLa cells and as hybridisation 
experiments• indicate that it is not homologous to any more 
of the genome than 45 S RNA (Steele,1968) it may be that 
55 S RNA is merely a tightly folded conformomer of 45 S RNA. 
The multiple lines found in the ’45 S r and 1321S f regions 
after electrophoresis of liver nuclear RNA on polyacrylamide/ 
agarose gels (Dingman and Peacock, 1968) may also be due to 
conformational changes which have occurred in vitro,
The 45 S RNA would seem to be the first formed 
precursor of the bulk of ribosomal RNA. For a long time 
there was no clear evidence as to whether one molecule 
was the precursor of both 18 and 28 S RNA, or whether 
each molecule arose independently, starting from its own 
high molecular weight RNA (Roberts and D ’Ari, 1968j Steele 
ahd Busdh, 1966)i While it has not been possible to settle
the argument by kinetic studies of the labelling of 
various RNA species, study of the arrangement of the 
genome has given the answer, at any rate for Xenopus 
laevis. Brown and Weber (1968b) showed that 
fragmentation of DNA followed by centrifugation on 
CsCl gradients gave almost no separation of the genes 
for 18 and 28 S RNA until the average molecular weight 
of the DNA was 3.5 x 10^ daltons, smaller than 
45 S RNA (4-4.7 x 10^ daltons(deanteur et a l . >1968, 
McConkey and Hopkins,1969) ). On further fragmentation 
of the DNA the fragments homologous to 18 and 28 S RNA 
could be separated, both are found at lower densities 
than the original "joint" fragment indicating that 
a region rich in guanine and cytidine has been lost.
The genes must therefore be made up of alternating 
18 S homologous DNA and 28 S homologous DNA with 
interpolated G C rich regions in between. Sequence 
analysis of 45 S nuclear RNA and 18 and 28 S cytoplasmic 
RNA shows that each 45 S molecule can only contain 
one 18 S and one 28 S stretch, (Roberts and D fAri,1968). 
The "fit" is probably better than is evident from 
these particular experiments because the RNA which they 
use was derived from the whole nucleus and would 
contain, as well as nucleolar 45 S RNA* nucleoplasmic 
RNA sedimenting at about 45 S. This RNA seems to have 
no resemblance at all to ribosomal RNA (Muramatsu 
et al., 1966a).
In addition to being the first formed precursor 
of ribosomal RNA the nucleolar 45 S RNA is the exclusive
site for methylation of the RNA (Zimmerman and Holler, 
1967, Weinburg el; al. ,1967). Methyl labelling occurs 
almost immediately after synthesis of the RNA, or 
possibly oven on the growing chain. Methylated bases 
are incorporated almost entirely into segments which 
will be retained in the final ribosomal RNA (Wagner 
at al.,1967a)• The occurrence of methylation at this 
stage is further evidence that 45 S RNA is almost a 
direct product of RNA polymerase action, for methylation 
must occur on regions of RNA which are accessible to 
the methylating enzyme, and except for a very brief 
period after their synthesis, 45 S RNA molecules are 
packaged up with protein and therefore not available 
for this purpose.
Assembly of Ribosome Precursors in the Nucleus
After its synthesis in the nucleolus, the 45 S RNA 
undergoes a series of changes which eventually lead 
to the production of ribosomal subunits for use in 
the cytoplasm. Probably ribosomal RNA is associated 
with protein from immediately after its synthesis 
until its final degradation. This statement can only 
be fully justified, however, if it is proved in detail. 
Demonstration of ribonucleoprotein particles in the 
nucleus has hot been easy both because of the difficulty 
of extracting intact particles from the deoxyribonucieo- 
protein framework of the nucleus and because of the 
ease with which non-specific linkages can be formed 
between RNA and protein in vitro. On the other hand, 
it is relatively easy to extract RNA free from protein
from the nucleus; accordingly, much more is known 
about the transformations of the RNA than about possible 
changes in the accompanying proteins. However, it 
must be borne in mind that all the changes in the RNA 
take place within a ribonucleoprotein framework.
As has already been noted, it seems that a single 
type of RNA molecule, sedimenting at 45 S, is the 
precursor of the 7 S, 18 S and 28 S species of ribosomal 
RNA. Kinetic experiments perfoimed on HeLa cells 
incubated for short periods in media containing 
radioactive RNA precursors showed that, if all further 
RNA synthesis were inhibited by actinomycin D, RNA label 
was transferred from 45 S RNA to an 18 S RNA precursor 
and to an RNA sedimenting at about 32 S (alternatively 
termed 35 S RNA) (Scherrer at al.,1963). Although in 
HeLa cells the 18 S RNA is rapidly transferred to 
the cytoplasm (Penman,1966), there seem to be very 
small amounts, of a very short-lived 20 S RNA. This is 
probably the precursor to 18 S RNA and may be detected 
in isolated nucleoli by electrophoresis of the 
extracted RNA on polyacrylamide gels (Weinburg et al. ,7l967 
Much larger amounts of a rapidly labelled 20 S RNA 
were isolated from nucleoli of Chironomous tentans 
salivary glands (EdstrSm and Dahlberg, 1967). These 
nucleoli were isolated by microdissection after fixation 
of the glands. The conditions of fixation have been 
shown not to affect the sedimentation properties of 
RNA subsequently isolated from the intact tissue. It 
is tempting to speculate that the increased amount of
20 S RNA is due to the retention within the nucleolus 
of particles which are extracted from nucleoli 
isolated by more conventional procedures.
There are several reasons for believing that large 
stretches of the 45 S RNA are lost during its processing 
to give 32 S and 18 S RNA. Analysis of the various 
RNA species for base composition shows that a segment 
rich in guanine and cytidine must have been lost with 
the 18 S RNA (Muramatsu et al.,1966b, Willems et al.,1968). 
In addition, the analysis of RNA base sequences after 
partial hydrolysis indicates that only one 18 S and one 
28 S RNA can be formed from each 45 S molecule (Roberts 
and D ’Ari, 1968, Jeanteur et al.,1968). If this is so, 
the fact that the molecular weight of 45 S RNA is 
greater than the molecular weights of 18 S and 32 S RNA 
(McConkey and Hopkins, 1969), make it almost certain 
that some RNA sequences are lost. The same conclusion 
was reached by Steele (1968), from study of proportion 
of liver nucleolar DNA hybridising with various RNA 
species.
The 32 S RNA formed from 45 S RNA is itself broken 
down to 28 S RNA. Considerations identical to those 
listed above and presented by the same authors indicate 
that the change is non-conservative, and that a guanine 
and cytidine rich fragment is lost. However, there is 
one major difference, in that one of the small fragments 
remains tightly associated with the 28 S RNA. This 
'7 S r RNA is always found associated with the 28 S RITA
of ribosomes and of subunits both in the nucleus and 
in the cytoplasm.
Very little is known about the mechanism or the 
control of the splitting of 45 S RNA.. The process seems 
to proceed in steps for Weinburg and his colleagues (1967) 
using polyacrylamide gel electrophoresis, were able to 
detect two very short-lived RNA species, intermediate- 
in size between 32 S and 45 S RNA, which they called 
36 S and 41 S RNA. Rapidly labelled RNA seemed to 
pass through these bands in its conversion from 45 S 
to 32 S RNA. It was not possible, however, to tell at 
what stage the 20 S RNA fragment was split off. It 
is likely that the position at which the RNA is split 
is determined by the protein with which these large RNA 
molecules are associated. The same nuclease may be 
responsible for all ’cuts’, for both 32 S and 45 S RNA 
pile up in liver nucleoli during thioacetaaide poisoning, 
while, simultaneously, an endogenous ribonuclease appears 
to have been inhibited (Steele et al., 1965).
A possible mechanism for the production of the large 
ribosomal subunit from the 45 S RNA containing particle 
is as follows. Firstly, a 20 S fragment is clipped 
off the 45 S RNA, leaving a 41 S fragment. This is not 
improbable from the point of view of the relative sizes 
of the RNA’s involved as 18 S RNA has a molecular weight
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of only 0.7 x 10 daltons compared with the 4.0-4.5 x 10 
daltons of 45 S RNA. The migration of particles in 
a porous gel, which was used to characterise the size 
of 41 S RNA is approximately proportional to the two-third
power of the molecular weight if the molecules have 
a similar overall composition and a similar shape 
(Hadj lolov et al. ,1966). 4 VS RNA is therefore 
sufficiently small to allow for the loss of the 20 S 
fragment.
After the RNA has been split, the protein of the 
particle which contained the 45 S RNA will be re-arranged 
so as to cover two particles instead of one. Thereby 
some regions of the RNA chain probably become uncovered. 
These are rapidly removed. The very small amounts of 
36 S RNA may represent an intermediate in this process. 
The 32 S RNA, on the other hand, is relatively stable 
but, as will be seen, proteins are probably being added 
sequentially to its coat throughout this period and, 
when the particle is almost complete, these may arrange - 
themselves in such a way as to uncover the RNA at certain
points and allow ribonucleaees to complete the conversion
into mature ribosomal RNA.
The movement of labelled RNA between various 
particles, and its morphological location inside the 
nucleolus can be correlated* If the synthesis of RNA 
in the nucleolus is followed by radioautography, the 
first appearance of label is in the fibrillar material 
at the centre of the structure (Granboulan and G-ranboulan,
1965). After longer periods of labelling, radioactivity
begins to appear in the granular zone at the edge of 
the nucleolus and, in the tissue culture cells used for 
these experiments, the rate of movement of labelled RNA 
into the granular region is approximately the same as
the rate of breakdown of 45 S RNA. The same movement 
of label from the fibrillar centre to the granular 
periphery of the nucleolus has been noticed in explants 
Triturus embryos, although the rate of movement is 
slower in these cells (Karasaki, 1965). This seems to 
be due to slower processing, for the movement correlates 
with the appearance of RNA in the cytoplasm and, as has 
been seen, 18 S RNA appears in the cytoplasm very shortly 
after the splitting of 45 S RNA.
If HeLa cell nucleoli are disrupted by stirring 
in a buffered solution containing EDTA and dithiothreitol 
for 15 minutes at room temperature, 80 S and 55 S particles 
can be isolated which contain 45 S and 32 S RNA respectively 
(Warner and Soeiro,1967). 80 S particles containing
45 S RNA have also been extracted from L cell nuclei 
after treatment with dextran sulphate (Tamaoki,1966) 
and from the nuclei of immature Triturus oocytes 
(Rogers,1968). Yoshikawa-Fukada (1967) isolated highly 
labelled 80 S particles from FL cell nuclei at a time 
when these cells are synthesising mainly 45 S RNA.
8c S ^articles were isolated by Birnsteil and his 
colleagues ('1963), from Alaska pea radical nucleoli, 
but their RNA seemed to be very degraded. No studies 
on the proteins of the.se 80 S particles have been 
reported, but study of the relative rate of appearance 
of various ribosomal proteins in cytoplasmic ribosomes, 
indicates that many must be added after the splitting 
of the 45 S RNA to 32 S and 18 S RNA (Warner, 1966). .
Comparison of the yield of 80 S particles obtained 
by the various authors quoted above seems to indicate 
that fairly vigorous treatment of the nucleoli is 
needed to release 45 S RNA containing ribonucleoprotein 
particles. Correlation with the radioautographic 
evidence would tend to suggest that the 45 S RNA is 
closely associated with the DNA-containing fibrils of 
the core of the nucleolus and that the isolated 
particles may therefore be artefacts. However, nothing 
is certainly known on this topic nor about how the 
proteins are re-organised when the RNA is split.
The section of the 80 S particle which contains 
the 32 S RNA remains associated with the nucleolus and 
can be isolated as a 55 S particle from HeLa nucleoli 
(Warner and Sosiro?1967). Analysis of the protein 
portion of this particle shows that the protein coat 
of the large subunit is almost complete and that the 
particle has acquired a molecule of 5 S RNA from the 
nucleoplasmie pool. These 55 S particles are present 
in large quantities in immature Triturus nuclei 
(Rogers,1968)e Their association with the nucleo3_us 
and ribosome synthesis is shown by their absence in 
mature oocytes, which have lest their nucleoli and 
ceased to synthesise ribosomal RNA. Evidence for the 
existence of 55 S particles in living Alaska pea 
seedlings is provided by electron microscopy, which 
shows that the nucleolar granules are smaller than 
ribosomes, but of tke same size as the 55 S particles 
which can be isolated from these nucleoli (Hyde et al. ,
1965).
Although the 55 S particles must remain with 
the nucleolus for some time after splitting of the 32 
S RNA in order to account for the nucleolar 28 S RNA, 
eventually they are released into the nucleoplasm, 
presumably as the 50 S particles isolated by Vaughan 
and his colleagues (1967) from HeLa cell nucleoplasm. 
These appear to be quite normal large subunits such as 
are found in the cytoplasm, and contain both 28 S and *7 S 
RNA besides the 5 S molecule (Pene et al. ,1968).
The importance of the intranuclear pool of ribosomal 
subunits has been disputed, as has the importance, or 
indeed the existence, of complete ribosomes inside the 
nucleus. Darnell (1968),states that in HeLa cell nuclei 
there are no intact ribosomes. The dispute is, however, 
complicated by the ribosomes present on the nuclear 
envelope. The demonstration of protein synthesis in 
the nucleus does not necessarily indicate the presence 
of ribosomes. The incorporation of amino acids into 
protein in rat liver nuclei is not inhibited by ribonucle'a 
(Oho and Te ray am a, 1968), which makes it unlikely that 
this protein synthesis is directed by polysomes in the 
same way as is protein synthesis in the cytoplasm.
However, the failure of the authors to demonstrate the 
formation of any new protein chains leaves the results 
open to doubt.
The Synthesis of Messenger RNA
Whilst it is easy to purify cytoplasmic ribosomal 
RNA and to use the properties of the completed molecule
to identify its precursors, so little messenger RNA is 
present that purification is hardly possible. If it is 
assumed that there is one messenger RNA for each type of 
protein synthesised in the cell, there will be hundreds 
of different types of messenger RNA molecules in the 
cytoplasm at any one time, each of which will have a 
different size and base composition. Various properties 
have been used to characterise messenger RNA. Messenger 
RNA has been identified with rapidly labelled cytoplasmic 
RNA. The objections to this criterion will be discussed 
later. Messenger RNA and fDNA-likef RNA have also been 
equated. It is, of course, true that messenger RNA, which 
is transcribed from mary different portions of the genome, 
is more likely to resemble ’average1 DNA than ribosomal 
RNA which is transcribed only from a very small portion of 
the genome, but, as will be seen, other RNA molecules 
with a DNA-like composition are formed and, in any case, 
messenger RNA in any particular cell will be transcribed 
only from a relatively small portion of the genome. 
Calculations of the proportions of ribosomal RNA and 
messenger RNA in some heterogeneous fraction on the 
assumption that messenger RNA has the base composition of 
DNA do not seem to be justified. Another criterion for 
messenger RNA is its ability to stimulate protein synthesis. 
Purified RNA is used in such experiments, whereas it is 
very unlikely that large RNA molecules ever exist in the 
cytoplasm outside RNP particles. Very often the 
stimulation experiments have been performed using bacterial 
ribosomes and, if mammalian ribosomes are used, they 
have been pretreated with detergent. There would -seem
no £ priori reason why the RNA which stimulates these 
very artificial systems should he the RNA which directs 
protein synthesis in vivo.
One property of messenger RNA may confidently he 
predicted, that it will he found in polysomes engaged in 
protein synthesis. There is a strong likelihood that 
any large RNA, other than the ribosomal RNA, which is 
found in polysomes, will be messenger RNA. Methods for 
the isolation of such an RNA, in the form of a 
ribonucleoprotein particle containing heterodisperse RNA, 
have been developed by Henshaw (1968) for use with rat 
liver polysomes. Maybe, when these particles have been 
more fully characterised, it will be possible to identify 
their precursors.
One of the few certain conclusions about the synthesis 
of messenger RNA is that it takes place outside the nucleolus. 
The anucleolate mutant of Xenopus laevis continues 
actively to incorporate "heterodisperse" RNA into polysomes 
(Brown and Gurdon, 1964). inside the nucleus, RNA synthesis 
takes place on the dispersed chromatin; the condensed 
chromatin seems to be inactive (Granboulan and Granboulan,
1965)* The same evidence that shows that the nucleolus 
synthesises only ribosomal RNA Indicates that messenger 
RNA must be made on the chromatin (see Perry, 1967). In 
particular,, messenger RNA is probably amongst the types 
of RNA synthesised after nucleolar RNA synthesis has been 
iiihibited by low doses of actinomycin D* It must, however, 
be remembered that cells thus treated are dying and therefore 
their production of inessenger RNA will probably not remain 
normal for very long after the addition of the antibiotic.
The position is even worse in intact animals since 
the different tissues will interact with each other in 
an effort to regain homeostasis. Only results obtained 
very shortly after the inhibition of ribosomal RNA synthes1 
therefore have much meaning.
When the nuclear structure is disrupted by sonication 
or treatment with detergents, the extranucleolar RNA appear 
in the non-sedimentable "nucleoplasm". Examination of the 
rapidly labelled RNA of this fraction show it to be very 
heterodisperse in liver (Muramatsu et al., 1966b), 
reticulocytes (Attardi et.al.,1966), and HeLa cells (Penman 
et al., 1966). When the base ratio of this rapidly 
labelled RNA is measured it is found to be very ’LNA-like* 
(Muramatsu et al., 3.966a, . Soeiro et al., 1966); it appears 
to be homologous to a much larger proportion of the genome 
than is ribosomal RITA (Bimboim at al., 1967).
These properties, viz.. LNA-like composition, rapid 
labellingj and heterogeneity in size, are also possessed 
by the RNA which binds tenaciously to columns of methylated 
albumin supported on kieselguhr (MAK), and by the RNA 
which can be extracted front nuclei by phenol only if 
elevated temperatures are used. The properties of the 
DNA-like RNA isolated by these techniques will be briefly 
discussed in order to decide how much weight should be 
attached to evidence from these sources when considering 
the properties and turnover of nucleardRNA,
i) Fractionation of RNA on MAK Columns
Nucleic acids can be fractionated by adsorption on 
MAK columns and elution with sodium chloride solutions
of increasing concentration (Mandell and Hershey, I960). 
Rapidly labelled RNA from FL cells could be divided into 
two fractions, called q^ and q2 RNA (Yoshikawa et al*, 1964). 
Both were eluted at higher salt concentrations than 
ribosomal RNA, but whereas q^ RNA had a base composition 
like that of ribosomal RNA, q2 RNA resembled DNA. Repeated 
chromatography of the q^ peak yielded a pure 42 S RNA 
which appeared to be the main rapidly-labelled component 
(Yoshikawa-Fukada et al., 1965)* Hybridisation experiments 
showed that while ribosomal RNA competed with q^ RNA, 
it had no effect on the hybridisation of q2 RNA. Later, 
more detailed, experiments suggest that q^ RNA is not a 
single molecular species. Rechromatography and examination 
of the RNA of the centre of the peak and of the leading and 
trailing edges by zonal centrifugation showed that the 
fractions first eluted were enriched with the RNA of the 
large ribosomal subunit(reckoned to sediment at 31 S in 
this tissue, but here called !28 S ! RNA for uniformity 
with other experimenters). The middle and late fractions 
were enriched in types of RNA which seemed to correspond 
with *32 Sf and *45 Sf RNA respectively, although,as with 
the ribosomal 28 S RNA,the values estimated by the 
investigator himself are much higher (Yoshikawa-Fukada,
1966). These observations are supported by the experiments 
of Muramatsu, Hodnett and Busch (1966a), with rat liver.
Using improved elution techniques they demonstrated that 
a definite shoulder on ttetrailing edge of the q^ peak, 
called the m fraction, M d  a ribosomal RNA-like base 
composition and was labelled in parallel with the first
formed (45 S) precursors of ribosomal RNA. They also 
demonstrated that isolated nucleoli had no q2 RNA, but 
were enriched in the q^ and m fractions. These may 
therefore be identified with the nucleolar ribosmal RNA 
precursors.
The RNA eluted in the q2 peak is clearly non-ribosomal. 
It is characterised in FL cells (Yoshikawa et al., 1964).
L cells (Ellem hnd Sheridan, 1964), and liver (Muramatsu 
et al., 1966a), by a DNA like base composition. Ribosomal 
RNA does not compete with it in hybridisation experiments. 
However, q2 RNA comprises only a very small part of the 
rapidly labelled DNA like RNA of the cell. Most is firmly 
bound to the MAK column and can be released only by 
heating, elution at very high pH (Ellem and Sheridan, 1964), 
or elution with SLS (Muramatsu et al., 1966a). The last 
treatment allows the RNA to be recovered intact and so 
permits examination by other techniques. Roberts and 
Quinlivan (1968), examined nuclear dRNA, prepared by this 
technique from Ehrlich ascites cells after labelling for 
3 hours, and found it to be very heterogenous, ranging 
in size from 7 S to 35 S with a peak around 24 S.
Cartouzou and his colleagues (1968b), applying the same 
techniques to thyroid slices, with labelling for 15 minutes, 
found mainly small RNA molecules with distinct 7 S, 13 S 
and 22 S species of rapidly labelled RNA. Only a few 
large molecules were present. In these experiments q^ and 
q2 RNA were not separated, but there are indications 
from the relative distribution of radioactivity and 
extinction in the material eluted from the MAK oolumn by 
sodium chloride that the both types of RNA exist in this 
tissue.
Fractionation of RNA on MAK columns appears, then, 
to he a useful method for separating RNA fractions of 
different base compositions. However, because the columns 
must be run at 35° for optimum separation, there is a 
grave risk of the RNA breaking down during the separation.
No critical experiments seem to have been performed to
test this possibility. This is unfortunate, for the
fractionation of the rapidly labelled i)NA-like RNA into
two fractions, the q2 and the tightly bound portions,
might offer a key to investigation of the different types
of dRNA in the nucleus. The extremely rapid turnover of
q2 RNA in FL cells (it had almost disappeared 90 minutes
after a pulse of labelled precursor (Yoshikawa-Fukada
ejb al., 1965) ), would suggest identification with the
RNA species whose turnover is entirely intranuclear. The
large size indicated for q2 RNA would support this hypothesis.
ii) Fractionation of RNA by phenol extraction at varying
temperatures
Extraction of nuclei with aqueous phenol leaves 
behind a large proportion of the rapidly labelled RNA 
(Sibatini et al., 1959). Much more of this RNA is 
extracted at 4° if 1$ sodium dodecylsulphate is added 
to the extraction medium (Hiatt, 1962), although there still 
appears to be some specific retention of the rapidly 
labelled RNA (op. clt. Table 1). Sometimes the phenol-SDS- 
tissiie mixture is heated for short periods in order to 
improve the extraction of the large, rapidly labelled RNA 
molecules (Scherrer and Darnell, 1962). Most of the RNA may.
however, he extracted without the use of SDS if the 
mixture is heated. It has been found that,by successive 
extractions of tissue with phenol in the presence of 0.14 M 
NaCl at increasing temperatures, a fractionation of the 
RNA can be achieved. Methods based on these observations 
have been developed, and the results have been reviewed, by 
Georgiev (1967).' This review is summarised in the following 
two paragraphs.
When cells are extracted with a mixture of phenol 
and 0.14 M NaCl at 0°, and the phenolic and aqueous layers 
separated by centrifugation, intact nuclei are found on 
the interface between the two layers. The.RNA of these 
’phenolic1 nuclei can be completely extracted by treatment 
with phenol and 1$ SDS at elevated temperatures. 
Alternatively, successive extractions at 40-45°, 55° and 
63° give three RNA fractions, having respectively a 
ribosomal RNA-like base composition, a composition 
intermediate between ribosomal RNA and DNA, and a DNA-like 
base composition. The small residue of RNA left at the 
interface may be extracted by heating to between 70 and 85° 
in the presence of 1$ SDS. This ’residual1 RNA resembles 
the 63° fraction in many ways, but there are minor 
differences, to be discussed later, which suggest that the 
two fractions may in fact represent two different types 
of RNA.
In order to identify these fractions, studies were 
made 6f their behaviour on centrifugation, and o.f 
the incorporation of labelled precursors into the various 
components identified on cehtrifugation. From such
experiments it is concluded that the 44° fraction contains 
most of the nucleolar 35 S RNA and all the smaller 
nucleolar RNA. The remainder of the 35 S RNA and the 
nucleolar 45 S RNA are extracted at 55° together with 
some of the nucleoplasmic DNA-like RNA. This latter type 
of RNA makes up the hulk of the material extracted at 
65°. It is rapidly labelled by RNA precursors; after 
30 minutes of labelling one-third of all the newly synthesised 
RNA is found in this fraction. The newly labelled RNA 
of the 63° fraction has a very heterogenous size 
distribution, with a broad peak of material sedimenting 
at 25 S. The bulk of the ENA extracted at this temperature, 
however, sediments a3 a narrow 18 S band. Hybridisation 
experiments seem to show competition between cytoplasmic 
RNA and nuclear *65°’ RNA, but the results of Birnboim,
Pene and Darnell (196?) indicate that, in the absence 
of extremely rigorous checks, little reliance can be put 
on the results of experiments on competition between 
nuclear and cytoplasmic RNA.
Differential thermal extraction does not seem to 
cause much degradation of RNA. The rapidly labelled dRNA 
prepared from Ehrlich ascites cells by differential 
extraction with hot phenol (Lerman et ad., 1965) and the 
extranucleolar RNA extracted directly with hot phenol 
and SDS from rat liver (Muramatsu et hi., 1966b) or HeLa 
cells (Penman et al., 1966) have similar size distributions. 
SDS is not only very effective in splitting protein from 
RNA, but it also inhibits RNase. In this case, its absence 
does not seem to increase the breakdown of RNA. It has,
however, been shown that when RNA isolated from nuclei is 
heated at 40° to 65° for more than fifteen minutes there 
is considerable non-enzymatic breakdown (Venkov 
and »Had.jiolov, 1967), whilst the yield of rapidly 
labelled RNA of a high molecular weight is increased 
considerably by the presence of SDS in the extraction medium 
(Tsanev et al., 1966). Another danger of extracting RNA 
at elevated temperatures is that aggregation may occur 
(Wagner at al., 1967). These aggregates are, in the case of 
HeLa cells, of a definite size and, once formed, are stable. 
The authors recommend that RNA extraction should not be 
performed at temperatures higher than 55°.
In summary, therefore, the two methods which have been 
developed for the isolation of DNA-like RNA (as opposed to 
the isolation of a cell fraction rich in dRNA) do seem to 
give reasonably satisfactory resultsj With either method, 
however, there is a considerable risk that the RNA will 
be altered during the fractionation and there are unresolved 
questions concerning both methods. With MAK column 
chromatography, these concern the difference between the qp 
and the tightly bound RNA. The main query with the hot 
phenol method is whether the dRNA in the 63° fraction is 
representative of the total RNA, as claimed by Georgiev
(1967). It is known that considerable amounts of DNA-like 
RNA are extracted at lower temperatures, while other material 
is only extracted in the presence of SDS. This latter 
material would seem to be more metabolically labile than 
the 63° fraction (Arion et al., 1967). The safest method 
for obtaining a representative sample of nuclear dRNA would
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therefore seem to be fractionation of the nucleus before 
extraction of the RNA. Whilst there is a risk of 
ribonuclease attack during extraction this can be guarded 
against.
Nucleoplasmic RNA
While the dRNA isolated from the nucleus probably 
contains the precursors of cytoplasmic messenger RNA 
these make up a very small proportion of the total. Kinetic 
experiments on the relative rates of labelling of the 
nucleus and the cytoplasm of isolated macrophages and 
fibroblasts indicated that, in the former cells, which do 
not grow or divide in vitro, almost all the RNA is turned over 
within the nucleus, whilst even in the rapidly 
growing fibroblasts, only one third of the RNA entered the 
cytoplasm (Watts and Harris, 1959, Harris, 1959). Gvozdev 
and Tikhonov (1964) described some of the properties of 
an unstable nuclear RNA in Ehrlich ascites cells. The 
discovery of the nuclear precursors to cytoplasmic RNA led 
to the dismissal of these observations as artefacts of 
dying cells. Calculations by Soeiro and his colleagues
(1968), however, indicate that in the rapidly growing HeLa 
cells only about 5# of the RNA made in the nucleoplasm ever 
enters the cytoplasm, the remainder turning over inside the 
nucleus with a half-life of only three minutes. The 
properties of the rapidly labelled nucleoplasmic RNA are 
therefore dominated by this fraction.
As has been mentioned already, the rapidly labelled 
nucleoplasmic RNA is very heterogenous in size, sedimenting
between 10 and 70 S. In duck erythrocytes (Attardi et al.,
1966), liver (Arion et al., 1967) and HeLa cells (Penman 
et al., 1966) the largest RNA molecules are the most rapidly 
labelled. These giant RNA molecules were also found in 
the dissected chromosomes of Chironomus tentans (Edstri'm 
and Daneholt, 1967) and in PL cells (Yoshikawa-Fukada, 1966)„ 
Whilst the fbase ratio1, the percentage of G plus C 
divided by the percentage of A plus U residues, of these 
giant RNA molecules is very similar to that of DNA, the 
actual composition of the RNA is quite dissimilar, being 
characterised by a very high percentage of uracil residues 
and a relatively low amount of adenine (Soeiro et al.,
1966 (HeLa cells), Scherrer et al., 1966, Attardi et al.,
1966 (duck erythrocytes). Muramatsu et al., 1966a (liver), 
Roberts and Quinlivan, 1969 (Ehrlich ascites cells) ).
This labile, uracil rich, RNA has been christened HnRNA.
The results of Arion and his colleagues (1967) suggest that, 
it is not^ as judged by the base composition of the isolated 
fractions, extracted by phenol and 0.14 M NaCl at 
63°, but is recovered by heating the residue from this 
extraction to 85° in the presence of SDS. If mouse livers 
are labelled for 30 minutes, this fraction contains 30$ 
of the newly formed RNA, but, in agreement with the 
identification of this fraction with HnRNA, it is 
metabolically unstable, having a higher specific activity 
than any other nuclear RNA after 30 minutes labelling, 
but losing its labelled RNA rapidly if further synthesis 
is prevented by the injection of actinomycin D. The small 
size of the RNA recovered in the 85° fraction may be 
explained by thermal degradation. The extremely high
temperature used by Arion and bis colleagues is required 
only if the tissue has previously been treated with hot 
phenol. If not, then extraction at 55° in the presence 
of SDS will give complete recovery (Venkov and Hadjiolov, 1967).
The giant molecules of HnRNA seem to be incorporated 
into huge agglomerates, ranging in size up to 3,500 S, 
whose ribonucleoprotein nature is indicated by their 
sensitivity to pronase (Penman et al., 1968). The synthesis 
of HnRNA is not affected by low concentrations of actinomycin 
P. When it is stopped by high'concentrations of this 
antibiotic, the breakdown of molecules already formed is 
inhibited (op.cit.). The function of these large molecules 
is quite obscure. The difference between their nucleotide 
composition and that of bulk DNA does not support the idea 
that they are transcriptions of random sections of the 
genome. Another possibility that these very large molecules 
are messenger RITA with additional bits, perhaps including 
the control segments, must remain a pure ■ \
speculation until some means is found to identify messenger 
RNA inside the nucleus. Fortunately, this may now become 
possible, following the identification of small particles 
carrying messenger RITA in the nuclear sap.
Nuclear particles containing “DITA-like RITA
When the nuclei of rat liver or Ehrlich ascites cells 
are extracted with isotonic saline, particles of approximately 
the same size as the small ribosomal subunit are found in 
the extract (see Samarina et al., 1967a). The presence 
of these particles has since been confirmed by many other
authors (with rat liver:- Smith and Korner, 1966, Moule and
i
Chauveau, 1968, Ishikawa et al., 1969, Drews, 1969, with KB 
cells:- Kohler and Arends, 1968). The exact size of these 
particles has been disputed, but Moul£ and Chauveau (1968) 
measured their sedimentation coefficient as 40 S by use of 
an analytical ultracentrifuge and believe that they can 
reconcile their results with earlier, lower estimates.
Kohler and Arends (1968) and Ishikawa and his colleagues 
(1969) observed small amounts of a larger particle, 
sedimenting at between 50 and 60 S, in their extracts. This 
particle did not contain very rapidly labelled RNA and was 
believed to be the 50 S ribosomal precursor which, as has 
already been seen, is present within the nucleus.
The *40 S 1 nuclear particle is not a precursor of 
the small ribosome subunit. All the authors quoted earlier 
agree that it is labelled before any cytoplasmic particle, 
but more slowly than much of the nuclear RNA. The particle 
has an unusual composition, containing less than 20$ RNA, 
(Smith and Korner, 1966, Samarina et al., 1967a, Moule and 
Chauveau, 1968, Kfihler and Arends, 1968, Ishikawa et al., 
1969). Hence, after fixation in formaldehyde, the particles 
banded in caesium chloride gradients at a much lower 
density than ribosomes and their subunits (1.4 as against 1. 
How far 40 S particles are to be identified with the 
particles containing small amounts of DNA isolated by Naora
(1969) from calf thymus nuclei is open to question. The two 
types of particle resemble each other in containing a 
very large amount of protein in relation to their RNA, but 
otherwise the DNA’-containing particles have not been 
sufficiently characterised to make any judgement possible.
The adhesion of thymus DNA in vitro to cytoplasmic 
ribosomes (Naora and Naora, 1967) makes one wonder whether 
the DNA is really present in vivo in the nuclear particles.
Both the RNA and the protein of the 40 S nuclear 
particles are distinctive. The rapidly labelled RNA 
recovered in the particles has a DNA-like base composition 
and differs from nuclear heterodisperse RNA in having a 
high adenine and low uracil content (Samarina et al., 1968, 
Moul£ and Chauveau, 1968,K&'hler and Arends, 1968,
Ishikawa et al., 1969). There is considerable disagreement 
about the overall base composition of the particles.
Moule and Chauveau find a value very similar to the rapidly 
labelled RNA, whereas Ishikawa and his colleagues, also 
working with rat liver, report a value very similar to 
ribosomal RNA. Drews (1969) investigated the effect of 
extraction of nuclei sequentially with 0.14 M NaCl pH 7.0, 
0.14 M NaCl pH 8.0 and 0.3 I NaCl pH 8.0. His results 
suggest that the first extract contains, in addition to the 
particles containing the rapidly labelled RNA, subunits 
of the ribosomes which were attached to the nuclear membrane. 
The final extract, on the other hand, contains some nuclear 
heterodisperse RNA, recognisable by its large size and 
uracil rich base composition. The size of the RNA extracted 
from these particles is very variable. Moule and Chauveau
(1968) found their RNA to be badly degraded (3.4 S).
Samarina and her colleagues (1967a) found RNA of about 
8 S, whilst other authors have found a very heterogeneous
peak sedimenting in the 8-20 S region.
The particles can be disassembled into globular 
proteins and RNA by treatment with strong salt solutions 
or with 4 M urea (Samarina £t al., 1967b). If the protein
moiety is examined by disc gel electrophoresis a very 
simple protein composition becomes evident, only three 
major bands being seen. These bear no resemblance to any 
of the bands observed in cytoplasmic ribonucleoprotein 
particles (Molnar et al., 1968). The particles may be 
reconstituted by removal of the dissociant by dialysis.
They may also be formed from the isolated proteins of the
particles and mRNA extracted from the nucleus in the
”55° - 650,,fraction (Samarina et al., 1967b).
These *informofers’ seem to be monomers of much 
larger structures which exist in vivo. Samarina and her 
colleagues (1968) showed that if the extraction of the 
ribonucleoprotein particles was performed in the presence 
of the cytoplasmic ribonuclease inhibitor, much larger 
particles could be found, sedimenting at rates of up to 
200 S. The sedimentation pattern of these particles, like 
that of polysomes,showed a series of distinct peaks, each 
of which, when examined under the electron microscope, 
appeared to represent a polymer with a definite number of 
subunits. If these polymers are treated with ribonuclease, 
they are converted to the monomer (N.B. these authors
give the size of the monomer as 30 S, but this is the particle
termed phe f40 S* particle elsewhere in this thesis).
Extraction of the RNA of these particles showed that the size 
of the RNA extracted bore a close relation to the size 
of the polymer from which it was derived. Large polymers 
contained RNA with a sedimentation of up to 32 S. Moule 
and Chaveau (1968) state that they were not able to repeat 
these results, but as the RNA in their preparations is so 
much smaller than is normally reported, they would appear 
to have ribonuclease contamination to a much greater degree 
than most other workers and it may be that this is not 
inhibited, or not inhibited sufficiently, by the preparations 
of the endogenous inhibitor which they added. The polymers 
extracted by Samarina and her colleagues seem to be identical 
with those extracted from nuclei with deoxycholate in the 
presence of the cytoplasmic fraction as a source of RN&se 
inhibitor, and described by their discoverers as nuclear 
polysomes (Lawford et al., 1967), These authors do, however, 
point out that their particles are not like cytoplasmic 
polysomes, for they are much more rapidly labelled, and 
do not direct the incorporation of amino acids into protein.
As the '40 S' particles and their polymers are 
extracted from the nucleus by isotonic saline at neutral pH 
they may conceivably be the final packaged form of 
messenger RNA found in the nucleus; Ishikawa and his 
colleagues (1969) examined the kinetics of the release of 
the particles vitro. They found that it was not 
completely passive for it was stimulated by ATP and, to
j
a lesser extent, by other nucleotide triphosphates. The 
release was inhibited by divalent cations, including
magnesium but in the latter case, the authors believe that 
clumping of the nuclei in the presence of magnesium ions 
may be responsible since EDTA also inhibits, although 
only slightly. Attempts to determine whether the release 
was pH dependent were obscured by morphological changes in 
the nuclei at pH's much removed from neutrality. The 
release was markedly dependent on temperature but so, 
unfortunately, was the action of ribonuclease, resulting 
in the very efficient release of acid-soluble material at 
37° even when ribonuclease inhibitor was added to the medium,, 
In fact incubation at any temperature above 20° caused 
unacceptable breakdown of the RNA. The results do, 
however, seem to indicate that the particles may be passed 
through the nuclear membrane by the sort of active process 
which might be expected to occur in vivo.
To summarise, two quite different types of DNA-like 
RNA appear to be made in the nucleoplasm. A short while 
after administration of a radioactive precursor, the bulk 
of the rapidly labelled RNA is found in a very high 
molecular weight fraction which is characterised by a high 
proportion of uracil residues relative to the adenine 
residues. This type of RNA, known as HnRNA, is synthesised 
and degraded entirely within the nucleus and is turned 
over very rapidly. It is not clear how this RNA is related 
to messenger RNA for no evidence of the latter can be found 
for some time after its presumed synthesis. When messenger 
RNA is found, it is localised in ribonucleoprotein particles 
in the nuclear sap whose properties in vitro suggest that 
they will be formed automatically from newly synthesised
messenger RNA, provided that a pool of the constituent 
proteins is present. The RNA actually incorporated into 
these particles is protected from the action of 
ribonuclease, but since a typical messenger RNA molecule 
is too big to be carried by one particle, a polymer is 
formed in which a string of informofers, as the protein 
subunits are called, are packed along the messenger RNA 
chain. In this condition, the informosome, as the assembly 
carrying the messenger RNA has been called, is vulnerable 
to the action of ribonuclease at the joints between the 
protein subunits. The ease with which the particles are 
released from the nucleus invitro does, however, suggest 
that they are on the point of entering the cytoplasm.
The Transport of RNA in the Cytoplasm
In most cell types, whilst newly formed ribosomal 
subunits can be detected in the cytoplasm, the messenger 
RNA is lost from the time it leaves the nucleus, until 
it is incorporated into polysomes. The ribosomes which 
are attached to the nd clear membrane were once thought to 
be involved in the transport of messenger and ribosomal RNA. 
It has, however, been demonstrated that the incorporation 
of labelled RNA into the polysomes of the nuclear membrane 
takes place at the same rate as the incorporation into the 
polysomes of the rest of the cytoplasm (Whittle et al., 1968 
Some rapidly labelled RNA was found in the nuclear membrane 
fractions, but this was shown to be RNA extracted from the 
nucleus in vitro.
In HeLa cells, the ribosomal subunits are not united 
into complete ribosomes in the nucleus. Hence there are 
only a limited number of possibile ways for particles to 
enter the cytoplasm. Either the two ribosomal subunits 
and the informosomes (as the messenger RNA containing 
particles have been called) enter the cytoplasm separately, 
or the informosome may be attached to one of the subunits. 
Once in the cytoplasm, the particles may join a precursor 
pool which may be composed only of newly synthesised 
particles, or may also contain particles recycled from 
polysomes. Alternatively, transport of particles to the 
cytoplasm may occur at such a rate that one or more of 
the particles is immediately incorporated into the polysomes 
without spending any significant time in a cytoplasmic pool. 
Finally the RNA may be incorporated into either free or 
membrane bound polysomes. The membrane bound polysomes 
may either be assembled in situ, the large ribosomal subunit 
binding to the membranes and the remainder of the polysome 
then being added, or they may originate as free polysomes 
which subsequently become membrane bound. This binding to 
membranes may occur at the site at which the polysome is 
eventually found, or it may occur close to the nucleus, 
the membrane bound polysomes being carried to distant 
parts of the cell by membrane flow.
Three approaches to this problem have been reported. 
Firstly, the entry of rapidly labelled RNA into the cytoplasm 
and into polysomes has been studied and the kinetics of 
this entry established. Secondly* attempts have been made 
to fractionate the small ribonucleoprotein particles of the 
cytoplasm, and to examine their properties. Thirdly,
polysomes have been disassembled by gentle methods, in 
the hope that this will shed light on their mode of 
assembly. These three approaches will now be considered 
in turn.
1) The Appearance of Rapidly Labelled RNA in the Cytoplasm
Experiments on the kinetics of labelling of HeLa cell
cytoplasmic RNA show that ten minutes after the addition
of a labelled precursor to the growth medium, a heterogenous
type of RNA, sedimenting between 6 and 50 S appears in
the cytoplasm. Thirty minutes after the addition of the
precursor, a peak of RNA co-sedimenting with the RNA of
the small ribosomal subunit appears* A distinct peak of
28 S RNA is not found until 70 minutes after the addition
of the precursor (Penman et al., 1966). The pattern found
in other cells has varied. After labelling for 40 minutes
with 14C - orotic acid, Henshaw and his colleagues (1965)
found mainly 18 and 28 S RNA in the cytoplasm of rat liver
cells. The 6 to 14 S material which was reported in
earlier work, (e.g. Munro et al., 1964) would seem to be
an artefact, due to degradation of the RNA during isolation.
However, Fausto and van Laneker (1968) reported that the
cytoplasmic RNA formed 20 minutes after the injection of 
14C - orotic acid was heterodisperse, though by 40 minutes 
the major part of the labelled RNA sedimented with 18 S 
ribosomal RNA.
The picture obtained from study of the base composition 
of the newly formed RNA is equally confusing. It is generally 
agreed that the newly formed RNA resembles DNA in having 
a lower percentage of guanine and cytoiioe . residues than
ribosomal RNA, but the ratio of uracil and adenine 
residues varies between different tissues. In tissue 
culture cells an RNA resembling nuclear heterodisperse 
RNA is found (HeLa cells:- Penman el; al., 1963, Ehrlich 
ascites cells:- Roberts and Newman, 1966), whilst in 
liver an adenine-rich RNA resembling the RNA of the 40 S 
nuclear particle is found (Henshaw et al., 1966). In 
Xenopus the proportion of adenine changes during embryonic 
development. Initially a uracil rich type is found, but 
later in development, the newly formed cytoplasmic RNA 
is adenine-rich (Brown and Littna, 1964). However, 
these appear to be the results of single estimations and, 
as such, their significance is open to doubt.
As is clear from even these few examples, the rapidly 
labelled RNA of differing cell types has rather variable 
properties. With each cell type it has been shown that 
rapidly labelled RNA molecules of different sizes have 
different base compositions. This points to heterogeneity 
in the RNA. Indeed, only in the special case of the 
reticulocyte, a cell making only two types of protein chain, 
has it been possible to separate any non-ribosomal RNA 
from polysomes (see Chantrenne, 1967). Normally it is 
not possible even to isolate a representative sample of 
the non-ribosomal RNA molecules by gradient centrifugation, 
for they are, to a large extent, of similar size to rRNA. In 
general, therefore, either some other means must be found 
to fractionate the RNA, or a preliminary fractionation must 
be carried out before the RNA is extracted.
As almost all cytoplasmic RNA is extracted by phenol 
at 4°, fractionation by the thermal phenol method, which
is used with nuclear RNA, is impossible. Cytoplasmic RNA 
from Ehrlich ascites cells has, however, been fractionated 
on MAK columns. Ribosomal RNA is eluted at low 
concentrations of sodium chloride, while the rapidly 
labelled RNA is divided between tightly bound RNA and a 
fraction which is eluted in a similar position to 
nuclear RNA. (Roberts and Quinlivan, 1969). The tightly 
bound RNA was eluted with SDS and had an adenine-rich, 
guanine and cyt©sine-poor base composition, which did not 
vary with variations in the time of labelling. Examination 
of the RNA by rate zonal centrifugation showed a broad 
spectrum of sizes ranging from 8 to 25 S, with the peak 
at 18 S. The authors say, however, that this pattern was 
not reproducible, presumably due to breakdown of the RNA 
during fractionation. The q.2 RNA, on the other hand, while 
it was also low. in guanine and cytojine residues, was rich 
in uracil, and hence resembled nuclear heterodisperse RNA., 
Apart from these experiments, MAK column chromatography 
has not been used for the fractionation of cytoplasmic 
RNA. It may be that developments in the technique, such 
as fractionation of the tightly bound RNA by elution with 
gradients of guanidine thiocyanate (Ellem and Rhode*, 1969) 
will increase its popularity.
2) Subribosomal Particles in the Cytoplasm
Ribonucleoprotein particles, sedimenting more slowly 
than ribosomes, have been found in the cytoplasm of many 
different types of cell. There are, however, considerable 
differences between different types of cell. For the 
present purposes, three groups can be distinguished,
rapidly dividing cells, such, as cells grown in tissue 
culture, slowly dividing cells, such as those of liver and 
brain and, as a separate group, the cells of early embryos, 
which synthesise no ribosomal RNA. The subribosomal 
particles found in each type of cell will now be discussed.
i) Rapidly dividing cells
Rapidly dividing cells are well exemplified by the 
‘immortal1 cell lines, such as HeLa and I. cells. The 
subribosomal particles found in the cytoplasm of these 
two cell lines have been extensively studied. Particles 
sedimenting at 40 and 60 S have been found in the cytoplasm 
of HeLa cells (Girard ejfc al., 1965). They are not attached 
to membranes and are found whether or not the cytoplasmic 
fraction is treated with deoxycholate. In HeLa cells, equal 
numbers of the two types of particle are present (Joklik 
and Becker, 1965). Similar particles, in like proportions, 
are also found in the cytoplasm of L cells (Perry and Kelley, 
1966a), KB cells (Ristow and Kohler, 1966), reticulocytes 
(Bishop, 1966b), and a plasma cell tumour (Kedes et al., 1966).
Neither of these two groups of particles is, however, 
a homogeneous population. Equilibrium banding of 
formaldehyde fixed particles from the 40 S band on a c*«3iraa 
chloride gradient, resolves them into three components, with 
densities of 1.34, 1.42 and 1.49 respectively. The 60 S 
band can similarly be resolved into a 1.57 and a 1.3S 
component. Additional bands seen in the latter preparation 
probably derive from contaminating ribosomes and 40 S 
particles (Perry and Kelley, 1966a).
Extraction of the RNA of the 40 S particle shows 
it to contain only 18 S RNA, while the 60 S particle 
contains almost exclusively 28 S RNA (Perry, 1967, Vaughan 
et al., 196?). The difficulty of isolating the particles 
in hulk has ruled out most biochemical approaches, though 
both the authors quoted above mention that the RNA of the 
'native* particles is similar in base composition to the 
RNA of the homologous subunit derived from ribosomes. The 
protein of the native and derived subunits are also similar. 
(Kedes et al., 1966).
The properties of the rapidly labelled RNA associated 
with each particle have been studied in some detail, but 
in order to interpret the results, some consideration must 
be given to the distributioii of the rapidly labelled RNA 
amongst the intact particles, as fractionated by rate or 
isopycnic centrifugation. After a 15 minute pulse with 
a labelled precursor, labelled RNA is distributed over a 
wide range of particle sizes. There does, however, seem 
to be a marked concentration in particles sedimenting at 
the same rate as small polysomes (Ristow and Kohler, 1966, 
Perry and Kelley, 1968). This is not entirely RNA actually 
incorporated into polysomes (Perry and Kelley, 1968, Penman 
et al., 1968), but for convenience it will be discussed 
later, together with polysomal RNA. The rapidly labelled 
RNA found sedimenting together with the light particles 
is not clearly localised in any of the particles. It is 
distributed very diffusely across the gradient, but the 
peak is in a fraction sedimenting slightly more slowly 
than the 40 S particle. [The particles containing the rapidly
labelled RNA band in caesium chloride gradients at a 
density of 1.43, irrespective of their size (Perry and Kelley 
1968). The rapidly labelled RNA found in particles after 
such a short time is generally small, and very heterogeneous 
in size (Ristow and Kohler, 1967, Vaughan et al., 1967, Perry 
and Kelley, 1968).
If the labelling time is increased fid m fifteen to 
thirty minutes, a remarkable change in the distribution of 
labelled RNA is observed. A prominent peak of labelled 
RNA is found sedimenting with the 40 S particle (Girard 
et al., 1965, Perry and Kelley, 1966a, Ristow and Kohler,
1966) and rapidly labelled 18 S RNA is detectable in these 
particles. The rise in the radioactivity of the cytoplasmic 
40 S particle is correlated with the disappearance of the 
transient 30 S particle from the nucleus (Vaughan et al.,
1967). As the addition of actinomycin D in concentrations 
which inhibit only the synthesis of ribosomal RNA stops 
completely the appearance of 18 S RNA in the cytoplasm
at this time (Perry, 1967) and as newly formed 18 S RNA 
in the cytoplasm is recovered quantitatively in the 40 S 
particles (Girard et al., 1965) at least part of the RITA 
found in these particles must be newly formed ribosomal ENA.
The particles which contain the newly formed ribosomal 
RNA are not, however, quite identical with tbe bulk of 
the subunits. After density equilibrium centrifugation on 
caesium chloride gradients they are found banded at a 
density of 1.46, slightly less than the 1.49 of the majority 
of the subunits (Perry and Kelley, 1968), The difference
between the value reported in the latter paper and the 
value of 1.43 given by the same authors in 1966 is apparently 
due to contamination of the earlier preparations by rapidly 
labelled, nuclear associated, ribonucleoprotein, density 
1.40, which is released by mechanical breakage of the cells. 
Treatment of the particles with low concentrations of 
trypsin equalises the densities of the mature and. the 
newly formed particles (Perry and Kelley, 1966b), presumably 
by stripping of a loosely bound protein.
Although the 18 S band is the inost prominent 
characteristic of the labelled RNA found in the particles 
thirty minutes after the addition of a radioactive precursor, 
detailed examination reveals the presence of heterodisperse 
RNA, like that found after fifteen minutes labelling 
(McConkey-and Hopkins, 1965, Vaughan et al., 1967). When 
only 18 S RNA is shown (Girard et al., 1965, Perry and 
Kelley, 1968), it is probably because only the peak tubes 
of the 40 S band were examined. If the 18 S RNA is 
contained in a single type of particle, whilb the particles 
which contain the heterodisperse RNA are of a range of sizes, 
the proportion of 18 S RNA will rise at the centre of the
peak. The demonstration by McConkey and Hopkins (1965)
\ . 
that a much larger proportion of HeLa DNA hybridized with
the rapidly labelled feNA of 40 S particles than with 18 S
ribosomal RNA supports the contention that there are
particles sedimentihg with the 40 S peak whiOh are not
riboOome precursors.
As the time of labelling is extended, the labelled 
native subunits come more and more to resemble the subunits
derived from ribosomes by treatment with EDTA. This 
resemblance extends to particle density (Perry and Kelley, 
1966a), the type of labelled RNA found in the particles 
(McConkey and Hopkins, 1965, Ristow and Kohler, 1967) and 
the percentage of homologous DNA which hybridizes with it 
(McConkey and Hopkins, 1965). As the time of labelling is 
prolonged, so the specific activity of the 18 S RNA of 
the 40 S particles approaches that of 18 S ribosomal RNA, 
but it never falls below it. This shows that the pool of 
45 S particles is constantly replenished by subunits 
dissociated from ribosomes, as well as by newly made subunits 
coming from the nucleus (loklik and Becker 1965*:# Vaughan 
et al., 1967). The results of the latter authors show that 
the recycled particles form the major part of the pool of 
40 S particles in HeLa cells. The difference in sedimentation 
coefficient between native and derived subunits, which was 
thought to indicate a fundamental difference between the 
two types of particle, has been shown to be an artefact of 
the methods used to dissociate ribosomes (Girard et al., 1965). 
The change in sedimentation coefficient seems to be due to 
the removal of cytoplasmic proteins bound non-specifically 
to ribosomes and their subunits (Warndr and Pene, 1966).
The 60 S subribosomal particle cdntains very little 
rapidly labelled RNA after labelling for thirty minutes.
Not until fifty minutes after the addition of the precursor 
is a distinct peak of radioactivity found in the 60 S 
particles (Crirard et al*, 1965). The newly formed subunits, 
like the newly formed 40 S particles, have a lower than 
average density (1.55 as against 1.57 (Perry, 1967) ).
The rapidly labelled RNA associated with the 60 S particles 
is predominantly 28 S (Girard et al., 1965),but most 
authors also find a considerable amount of rapidly labelled 
18 S RNA (McConkey and Hopkins, 1965). There are four 
plausible sources for this 'contamination' by 18 S RNA.
It may be derived from 28 S RNA, for the RNA of the large 
subunit of intact ribosomes is especially susceptible to 
ribonuclease attack (Fenwick, 1967) and Venkov and Hadjiolov
(1967) have shown that 18 S RNA is formed during the ' 
breakdown of 28 S RNA. The 18 S RNA may come from 40 S 
particles contaminating the 60 S peak. This contamination 
cannot be very extensive, for very little cross-contamination 
of the protein components is observed (Kedes et al., 1967)* 
However the specific activity of the RNA of the 40 S 
particles is so much higher than that of the 60 S particles 
at short labelling times, that very slight cross contamination 
can produce a very marked effect on the rapidly labelled 
RNA of the 60 S region. A third possibility is that the 
cytoplasmic 60 S particle actually contains 18 S RNA.
This is unlikely, for the nuclear 50 S precursor of the 
cytoplasmic 60 S particle contains only 28 S RNA. Finally, 
the 18 S RNA may come from another particle which co-sediments 
with the 60 S subunit. This possibility cannot be completely 
excluded, for when the RNA is labelled for only fifteen 
minutes, after which time when no ribosomal RNA will have 
entered the cytoplasm* rapidly labelled 18 S RNA is found 
in the 60 S region (Ferry and Kelley, 1968), All these 
factors may contribute to the 18 S peak of rapidly labelled 
RNA found in the 60 S particles, but it seems, from the 
experiments of Ferry (1967), that contamination by 40 S
particles is the most important factor, for he found that 
if the 60 S particles were purified by re-sedimentation, 
they contained very little 18 S RNA.
ii) Slowly Dividing Cells
Very much less is known about the subribosomal 
particles present in solid tissues. Henshaw and his 
colleagues (1965) demonstrated the presence of a 45 S 
particle containing rapidly labelled 18 S RNA in the 
cytoplasm of liver cells * They do not report the presence 
of a 60 S subunit, and though a peak at about the right 
position for the large subunit may be seen on their gradient 
this may be due to ferritin particles which sediment at 
6J S .(Peterman and Hamilton, 1957). No studies on the RNA 
of the 40 S particles of liver cytoplasm seem to have 
been reported, although Henshaw and his colleagues report 
that the rapidly labelled RNA is 18 S. It is very difficult 
to judge from their figures the percentage of the rapidly 
labelled, high molecular weight, cytoplasmic RNA contained 
in the 40 S particle, but it seems to be high, in the region 
of 30$ after 45 minutes labelling, in contrast to the 
observations with cells in tissue culture. As the 40 S 
particles are heavily labelled at a time when the total 
cytoplasmic RNA has a DNA-like base composition, and as 
they represent a significant portion of this cytoplasmic 
RNA, it sebins unlikely that they contain only ribosomal RNA-, 
in spite of the fact that they contain only 18 S RNA.
That the 18 S RNA found in the cytoplasm after 45 minutes 
labelling differs from ribosoibal RNA is shown by the 
£oniier*s selective degradation, on heating to 65° in the 
presence of rat . liver cytoplasm (Henshaw et al., op, cij;,).
Fractionation of brain cytoplasm gives similar results 
(Samec eV al., 1968a),except that instead of a clear 40 S 
peak, a heterogenous collection of particles sedimenting 
at between 20 S and 60 S is present. The particles of the 
40-60 S region contain rapidly labelled 18 S RNA, but very 
little 28 S RNA is apparent even after six hours labelling, 
a time when brain polysomal 28 S RNA is heavily labelled 
(Jacob et al., 1967). This correlates with the absence of 
a clear peak of 60 S particles. The RNA of the 40-60 S 
region cannot, however, be only 18 S ribosomal RNA, for 
its base composition is intermediate between that of DNA 
and the composition of 18 S ribosomal RNA (Jacob et al., 
1968). This heterogeneity was confirmed by caesium 
chloride density equilibrium centrifugation, which separated 
the particles into two fractions, one with a density of 
1.55, which may therefore be identified as the small r itosoma 
subunit, the other with a density of only 1.36. When 
particles sedimenting between 20 and 40 S were examined, 
they were found to be homogenous on density equilibrium 
centrifugation, with a mean density of 1.36. The RNA of 
these particles was DNA-like except for a rather high 
proportion of uridine with respect to adenine. The ENA 
was heterogenous in size, with sedimentation coefficients 
ranging from 4 to 18 S. The exact source of these particles 
and of the 1.36 density particles found in the 40 to 60 S 
fraction must remain doubtful, for Jacob and his colleagues
(1968) found that no subribosomal particles were detectable 
in brain cytoplasm, unless the microsomal membranes were 
dissolved with deoxycholate.
xxx) Embryonic Cells
Particles containing endogenous messenger ENA have 
not been detected with certainty in mature mammalian cells, 
either in tissue culture, or in tissues. However, early 
embryos of fish and sea urchins do seem to have messenger 
containing particles in their cytoplasm. These cells make 
no ribosomal RNA for many hours after fertilisation. 
Messenger RNA is, however, synthesised throughout this 
period. Gross and his colleagues (1964) showed that this 
RNA was not used immediately for protein synthesis, but 
was stored, and used to direct the spurt of protein synthes 
Which occurs immediately after the blastula stage. Up to 
this point synthesis, is directed by messenger RNA derived 
from the oocyte. The messenger RNA produced in the early 
embryo is apparently stored in discrete ribonucleoprotein 
particles with sedimentation coefficients ranging from 
20 to 66 S (Spirin and Nemer, 1965). These particles 
have a rather high density (1.5 to 1.75) when banded in 
caesium chloride (Infante and Nemer, 1968). Treatment with 
ribonuclease rapidly reduces the density of the particles 
to 1.42, the density reported for similar particles from 
fish embryos (Spirin et al., 1964). The sea urchin 
informosomes contain rapidly labelled RNA with a 
sedimentation coefficient proportional to the size of the 
parent particle. The RNA of particles ranging in size 
from 20 to 66 S is 10 to 38 S (Infante and Nemer, 1968).
By considering together the experiments on various 
tissues, some hypotheses can be formed on the 'life 
history' of various ribonucleoprotein particles. The mode
of transport of ribosomal precursors to polysomes is fairly 
clear,, The small ribosomal subunit is released from the 
nucleus very rapidly after the cleavage of the 45 S RNA, 
while the large subunit is retained for some time in a 
nuclear pool. Both particles probably acquire a full 
complement of ribosomal structural proteins while they 
are still in the nucleus (Vaughan et al., 1967). The 
structural proteins, however, represent only 60$ of the 
total protein found bound to ribosomes in vitro. (Warner, 
1966). Of the remainder, 20$ is bound non-specifically, 
probably after the breakage of the cell, and can be removed 
by treatment with isotonic saline and EDTA (Warner and Rene, 
1966), while the remaining 20$ exchanges with cytoplasmic 
proteins in viVo, but not in vitro. When the subunits 
enter the cytoplasm, they may well carry some nuclear 
proteins, which are lost when the subunits combine to form 
po3.ysomes0 When the ribosomes finally split into subunits 
again, cytoplasmic proteins may be bound in the place once 
occupied by the nuclear proteins. Some mechanism of this 
sort is required to explain the slight difference in 
density between the newly formed subunits and those in the 
main cytoplasmic pool, but proof is lacking.
The role of the cytoplasmic pool of ribosome subunits 
is not clear. The subunits are not simply breakdown 
products of ribosomes, for if HeLa cells are poisoned 
with sodium fluoride, the subunits disappear at the same 
time as the polysomes break down to form monomeric ribosomes 
(Colombo et al., 1968). The fall in the number of subunits 
occurs before protein synthesis is inhibited. The same 
authors show that if protein synthesis is inhibited by
cycloheximide, the fluoride-mediated decrease in the number 
of subunits is prevented. Cycloheximide has no independent 
action on the numbers of the subunits. These results may 
be explained if only a pair of subunits can make 
the initial attachment to messenger RNA and if some 
active mechanism is required to split the 'used' ribosome 
when it has come to the end of the messenger chain. Colombo 
and his colleagues suggest that the fluoride inhibition 
of this step is simply a. result of the interference by 
fluoride in the formation of energy rich compounds. These 
proposals on the function of subunits are supported by the 
experiments of Bishop (1966a), who showed the heavy 
polysomal fractions of reticulocytes, deprived of native 
subunits, incorporated amino acids mainly by lengthening 
existing nascent chains, but that chain initiation could 
be restored by the addition of a partially purified subunit 
preparation, which itself had little synthetic activity.
3) Messenger RNA Containing Particles in the Cytoplasm
How the messenger RNA enters the cytoplasm still 
remains a puzzle. Large particles, 300 to 500 % in 
diameter can be seen coming from the Balbiani rings of 
the chromosomes of Chironomus salivary glands, passing 
through the nucleoplasm, and leaving through pores in the 
nuclear membrane (Beerman, 1964, Stevens and Swift, 1966)* 
Similar particles have been observed in Xenopus oocyte 
nuclei, but in this case the particles seem to be carried 
to the nuclear pore on fibrous structures which do not, 
however, accompany the particles into the cytoplasm 
(Takamoto, 1966). The passage of the particles through the 
nuclear pores has been followed in Chironomus (Stevens and
Swifts 1966). As they enter the pore, the particles change 
their shape to form elongated threads. Ribosomes can be seen 
associated with the cytoplasmic side of particles which have 
not completed their passage through the pore, and only 
rarely can free particles be seen in the perinuclear cytoplas
This is the only direct evidence for the fate of the 
messenger RNA-containing particles in the cytoplasm.
Indirect evidence can be obtained by two methods, by 
inhibition of the transport of ribosomal RNA with low doses 
of actinomycin D or with puromycin, or by following the 
transport of a particular identifiable messenger RNA. This 
latter course has so far only been practicable with viral 
messengers. There is also evidence that some of the rapidly 
labelled particles already described carry messenger RNA 
and that some of the rapidly labelled RNA which sediments 
with polysomes is not in fact incorporated into them, but 
is in distinct ribonucleoprotein particles.
A certain amount of RNA enters the cytoplasm of rat 
liver cells after the synthesis of ribosomal RNA is blocked 
by low doses of actinomycin D, and this RNA has many of 
the properties expected of messenger RNA. After a long 
label (6 hours), it is divided between polysomes and the 
'post microsomal* fraction and retains a DNA-like base 
composition with a high A/lT ratio (Samarina, 1964). 
Sedimentation analysis reveals a wide spread ,1 sizes 
between 8 and 25 S. Similar results were obtained with HeLa 
cells by Penman and his colleagues (1963). The entry of 
ribosomes into the cytoplasm may also be prevented by the
use of puromycin. The RNA which still enters the 
cytoplasm after treatment with this drug has similar 
properties to the rapidly labelled cytoplasmic RNA which 
remains after treatment with low doses of actinomycin D 
(Latham and Darnell, 1965b). It is mainly found in 
structures of the size of small polysomes, although there 
is also a small peak which sediments immediately behind 
the small ribosome subunit. An identical pattern, is in 
fact, observed after very short labelling times in the 
absence of any drug (Latham and Darnell, 1965a). Perry 
and Kelley (1968) showed that at these very short labelling 
times, the RNA in the region of subribosomal particles is 
not incorporated into ribosome subunits.
Further evidence is obtained by examination of the 
location of viral messengers. Both vaccinia virus messenge 
in infected HeLa cells (Joklik and Becker, 1965b),and 
mengo virus messenger in infected L cells (Levy and Carter, 
1968) are found in particles which sediment slightly 
faster than the small ribosomal subunit, and which are 
assumed by the authors to be combinations of the subunit 
and the viral messenger. The evidence for this is not 
strong. The particles which contain the messenger RNA are 
not precipitated by high concentrations of magnesium, as 
are the bulk of the 40 S subunits (Joklik and Becker 1965b) 
and their other properties, such as sensitivity to 
ribonuclease and the rapidity with which their RNA is 
chased into polysomes, would be equally well explained 
if the particles were simply combinations of messenger RNA 
and protein. In the absence of data on the density of
these particles, it is impossible to prove this 
contention; but the failure to demonstrate any rapidly 
labelled particles denser than the small ribosomal subunit 
in normal cells (Perry and Kelley, 1966a) argues against 
the existence of complexes of the subunii with messenger, 
for the dense RNA would be expected to increase the 
density of the particle.
4) The Rapidly Labelled RNA of Polysomes
Rapidly labelled RNA is found in the cytoplasm of 
most cells very soon after the addition of a radioactive 
precursor and, in most cells, a large proportion of this 
RNA sediments at the same rate as small polysomes (HeLa 
cells:- Penman £t a?_;,, 1963, L cells:- Joklik and Becker, 
1965b, KB cells:- Ristow and Kohler, 1966, Brain:- Jacob 
et al., 1967, Livers- Munro et al., 1964). This rapidly 
labelled 'polysomal1 RNA is generally reported to be 
heterogeneous in size and to have a DNA-like base ratio.
Rapidly labelled RNA sedimenting with i&Xysomes is 
often assumed to be messenger RNA, but acceptance of this 
statement requires evidence that tbe RNA is either truly 
incorporated into polysomes, or is capable of being so 
incorporated. Penman and his colleagues (1967) have 
Investigated the properties of the large, rapidly labelled, 
particles of HeLa cell cytoplasm. They found that a 
significant proportion of these particles were not disrupted 
by treatment jjl vivo with puromycin^ or in vitro with EDTA. 
Both ihese treatments cause disaggregation of ordinary 
polysomes. The RNA of these EDTA insensitive particles 
differed in size from the RNA actually contained in polysomes.
Whilst there is a lag of fifteen or twenty minutes before 
any RNA is incorporated into polysomes, cytoplasmic 
he te rod is perse RNA, as they call the non-polysomal fraction, 
begins to appear in the cytoplasm almost immediately after 
addition of a precursor. The authors suggest that this RNA 
is the same as the membrane associated ENA found in HeLa 
cells by Attardi and Attardi (1967) which is probably 
synthesised in mitochondria (Attardi and Attardi, 1968). 
Another possible source of the heterodisperse ENA is 
leakage from the nuclei during homogenisation,but Penman 
and his colleagues (1967) rule this out because Of the 
constancy of the proportion of the total ENA which they 
find in the nucleus in spite of a variety of homogenisation 
techniques. Perry and Kelley (1968), however, found that 
there was heavy contamination of the cytoplasm of L cells 
with nuclear-associated, rapidly labelled ENA if the cells 
were broken mechanically. If the cells were simply lysed 
by treatment with detergent, they found that all the 
labelled ENA which sedimented with polysomes banded with 
the polysomes on caesium chloride gradients, and was 
released from the polysomes by treatment with EDTA. They 
found no trace of 1 cytoplasmic heterodisperse1 ENA.
Whatever the truth hbout the non-polysomal, rapidly 
sedimenting particles, some of the rapidly labelled ENA 
is incorporated into polysomes. This ENA is, in most 
cell types, vefy heterogeneous in size, but distinctive 
species can be identified in certain cells. Thes£ include 
the 10 S and 2% B ENA found in sea urchin embryos at the 
cleavage stage(Neamer and Infante, 1965), the 9 S ENA
found in reticulocytes (see Chantrenne, 1967) and the 
13 S ENA isolated from thyroid polysomes (Cartouzou et al., 
1968a)* It will be noted that in both the latter cases 
the cells are making a very limited number of proteins, 
mainly the two chains of haemoglobin in reticulocytes and 
the two chains of thyroglobulin in the thyroid.
The best evidence for the presence of distinct messenge 
RNA in polysomes is obtained by study of cells which can 
bb stimulated to produce a particular type of protein.
Borun and his colleagues (1967), using a synchronised 
population of HeLa cells, demonstrated the appearance of 
7 S and 9 S ENA on small polysomes 2i hours after the 
beginning of protein synthesis. The nascent protein on 
these polysomes had some of the characteristics of histones; 
newly synthesised histone molecules were found in the cells 
soon after the appearance of these ENA species in polysomes* 
Similar results were obtained by Kuechler and Rich (1969), 
who found that 10 and 13 S rapidly labelled ENA molecules 
appear in the polysomes of lymph nodes two days after the 
stimulation of antibody formation. The synthesis of this 
f messenger1 ENA falls off after another three days, but, 
from then on, there is a rapid rise in the titre of 
circulating antibody.
In addition to these reports of polysomes bontaining 
messenger RNA species with specific function, tiifefe have 
been other reports of monodisperse, non-ribosomal ENA in 
polysomes, whose role is much less certaih. Typical of 
these is the 17 S RNA found in rat liver pblysombs by
Wilson and Hoagland (1967)* As the rats in this experiment 
had been starved for five days, and had, in addition, 
received a lethal dose of actinomycin D, it is very difficult 
to decide whether this RNA corresponds to ariy found in the 
normal, healthy animal.
Unfortunately, the cells and tissues which show a clear 
cut pattern of messenger RNA under normal physiological 
conditions are not available in sufficient amount for most 
biochelnieal work. It would seem reasonable, however, to 
extrapolate from the tissues which do show this clear pattern 
and to identify the rapidly labelled, non-ribosomal RNA, 
of polysomes as messenger RNA, and, using this identity to 
examine the binding of the messenger RNA to the polysome. 
Although it was once believed that the polysome was a string 
of ribosomes bound together by a naked thread of messenger 
RNA, this does not now seem to be a model justified by the 
evidence. When polysomes from any of a variety of tissues 
are dissociated by treatment with EDTA, the rapidly 
labelled RNA is released as a ribonueleoprotein particle 
(reticulocytes:- Huez et al., 1967, Thyroid:- Cartouzou 
et al., 1968a, HeLa cells:- Perry and Kelley, 1968, 
rat liver:- Henshaw, 1968). As there is a distinct 
possibility that these particles may derive at least part 
of their protein, as well as their RNA, from cytoplasmic 
informosbmes, their prdperties will how be considered.
Reticulocytes are one of the few types of cell which 
have an identifiable messenger RNA. This 9 S messenger is 
released by EDTA into particles which sediment at about 
15 S (Huez et al., 1967). The ribonueleoprotein nature of
these particles is indicated by their sensitivity to pronase 
and by direct tagging of their protein by iodoacetic acid 
(Temmerman and Debleu, 1969)* The RNA of the particles 
released from the polysomes of other cell types has not 
been identified so positively, but Henshaw (1968) has shown 
that the RNA released from rat liver polysomes after 45 
minutes labelling has the high adenine, low guanine and 
cytidine composition characteristic of liver 1messenger1 
RNA. With cells other than reticulocytes, the non-ribosomal 
RNA released by EDTA is hetefodisperse, although this may 
be partly due to breakdown by ribonucleases, which are 
adsorbed on to the polysome and activated when the polysome 
structure is broken up. The size of the RNA molecules 
recovered varies from 8 to 30 Sc It has been shown with L 
cells that this RNA hybridises with a much larger proportion 
of the genome than ribosomal RNA (Perry and Kelley, 1968),
The reported size of the particles is also variable, and may 
depend on the size of the messenger RNA which they contain 
The small 9 S messenger of reticulocytes is released in to 
particles smaller than either of the ribosome subunits 
(Huez et al., 1967), while the larger messengers of thyroid 
(Cartouzou et al., 1968a), liver (Henshaw, 1968), and L cells 
(Perry and Kelley, 1968) are released into particles having 
a broad spectrum of sizes, ranging from about 30 S up to 
60 S. The reported density of the particles is also variable 
but is always less thaii the density of the complete polysomes 
In generalj broad peaks are observed, indicating a variation 
in the proportions of RNA and protein. The values for the 
density peak vaiy from 1,33 in thyroid (Cartouzou £t al., 
1967a) to 1.45 in liver and L cells (Henshaw, 1968, Perry 
and Kelley, 1968).
The density of the messenger RNA particles released 
from normal polysomes makes it unlikely that they are 
complexes involving either ribosome subunit, for the binding 
of bxtra RNA would increase the density of. the subunit and 
the messenger-containing particles are, in fact, lighter;
Hew ever, Nolan and Arnstein (1969) found that an artificial 
poly-U messenger, when released from polysomes by EDTAj 
sedimented in the region of the large ribosome subunit.
Though they consider the possibility that the poly-U may 
be associated with the subunit, this seems unlikely, for 
their graphs show a consistent difference ih sedimentation 
rate between the poly-U containing particle and the subunit. 
Their second interpretation that the poly-U is simply 
associated only with protein is more plausible and, in the 
absence of any contiol experiments, the poly-U may 
be associated with protein adsorbed in vitro. Particles 
containing natural messenger RNA have, however, been shown, 
not to be artefacts of this sort (‘Perry and Kelley, 1968).
Messenger RNA appears to be transported to the cytoplasm 
in ribonueleoprotein particles, which retain their protein 
after they are incorporated into polysomes. Hence, 
experiments which attempt to show the binding of any purified 
RNA to ribosomes do not correspond to any possible condition 
arising in the living animal. Ribosomes do, however, have 
an affinity for purified RNA and seem to discriminate in 
favdur of *DNA-likef RNA. The binding of UNA to cytoplasmic 
particles (Naora and Naora, 1967) is probably a feature 
of this affinity. Naora and Kodaira (1969) found that rat 
liver ribosomes bind rapidly labelled rat liver nuclear RNA, 
and though this binding can be completely inhibited by an
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excess of unlabelled liver nuclear RNA,it is not wiped, out 
by a large excess of rat thymus RNA. The binding would, 
therefore, seem to have seme tissue specificity. Jachymczyk 
and Cherry (1968) also found specific binding of ribosomes 
to 'messenger1 RNA in pea seeds. They were able to demonstrate 
the formation of polysomes, capable of protein synthesis, 
in vitro. in both these cases the binding of the 'messenger' 
to the ribosome was purely passive, requiring magnesium ions, 
but nb energy source. The situation in vivo, where a protein, 
coat must be rearranged, may well be different*
Although much more information on the nature of 
cytoplasmic ribonueleoprotein particles is required in 
order to build up a complete picture, certain conclusions 
concerning the nature and size of the pools of subunits 
present in the cytoplasm can be drawn already. As has 
been demonstrated, these pools seem to vary with different 
types of tissue, although, in general, there would seem to 
be strong evidence for the presence in cultured cells of 
pools of both ribosome subunits, which include particles 
recycled from polysomes, but there is very little evidence 
fbr a pool of messenger RNA of any significant size. There 
is, however, much stronger evidence for a pool of messenger 
containing particles in slowly dividing tissues such as 
liver. This question will be discussed further after 
consideration of the experimental results now obtained.
CENTRIFUGATION IN ZONAL ROTORS
in '■> ■ ........................................... •m    ■ i ii—iiw«i i m
Some of the advantages of using zonal rotors for the 
separation of cell organelles have already been mentioned. 
At the time when the work described in this thesis was 
begun, zonal rotors were a very recent introduction and 
their potentialities were only just beginning to be 
understood. At about that time, a comprehensive review of 
the theory and applications of zonal rotors appeared as a 
National Cancer Institute Monograph edited by N.G. Anderson 
(1966). Zonal rotors differ from conventional rotors 
mainly in possessing a much larger capacity and in 
requiring to be loaded and unloaded whilst spinning.
Special operating techniques are described in the chapter 
on Centrifugation in Zonal Rotors in the Methods Section.
It is necessary to choose the most suitable type of rotor 
for a given separation and the most suitable material and 
method for gradient production. Moreover, a profusion of 
data is likely to be obtained from such experiments, making 
the development of computational techniques desirable. 
First, however, a brief account will be given of the 
theoretical background to separation by rate zonal 
centrifugation.
i)» Theory o£ Centrifugation
A full account of the theory of differential 
centrifugatibn and a discussion of zonal centrifugation 
in conventional rotors is given by de Luve* Berthet and 
Behufay (1959)* Further developments are discussed by ' 
Beaufay (1966). The latter w6rk includes a discussion of 
the capacity and spread of the zones formed in isopycnic
centrifugation. The discussion below will he restricted 
to rate zonal separations. The viscous drag P on a 
particle of rkdius R and density d moving with a velocity 
v, through a medium of viscosity n and density p is given
W
P = 6 "ii R n v a. (1)
where a is an asymmetry factor(de Duve et al„, 1959)
which is unity for a spherical particle* This viscous 
drag is balanced by the centrifugal force which is given by
c = v (a - p) g. (2)
where V is the volume of the particle, and £ is the total 
gravitational field acting on the particle* Since the 
particle is moving.with its terminal velocity, the net fore 
acting in the particle is zero.
i.e. P ~ C., 
and so 6 n v R a = V (d - p) £.
In a centrifugal field as large as that used in biochemical
experiments, the contribution of gravity is negligible,and
so the acceleration acting on the particle is simply
2£ = r w .
as where r is the radial distance of the particle from 
the centre of the centrifuge head which is rotating with 
an hngular velocity w. The rate of sedimentation of 
the particle is therefore given by substituting in 
equation 2 and rearranging as
V  55 6 H a (d ~ r w2. (3)
V n
This equation may be simplified by defining a new variable 
s,. the sedimentation coefficient,
so that 6 * a (d - m) v . (4)
B =  5---- = -FTJ2
The sedimentation coefficient s is thus dependent 
both on the properties of the particle and on the properties 
of the medium in which it is sedimenting, One of two 
assumptions about the nature of the particle is normally 
made at this point, either that the size, shape and 
density of the particle are quite independent of the 
properties of the medium, or the slightly less restrictive 
assumption that the density of the particle varies with 
the density of the medium due to penetration of the gradient 
solute, but the size and shape of the particle are 
unaffected. The first assumption has proved satisfactory 
for ribonueleoprotein particles (see Peterman, 1964); 
the second assumption has been used for membrane-bound 
particles such as mitochondria* With either assumption, 
the sedimentation coefficient can be referred back to 
standard conditions from the arbitrary measurement 
provided by equation 4* If t is the temperature of the 
medium m in which the measurement of sedimentation 
coefficient has been made, and the sedimentation coefficient 
in a standard medium M at temperature T is required, then 
from equation(4)
, 0 d M  - J M  n tB ,r\
IM “ 3 tm  p—  ----
a tm tai fflff
for with either assumption,the first factor of the right hand 
side of equation (4) is not affected by the composition 
of the medium. The standard conditions to which 
sedimentation coefficients are normally referred are 
water at 20°. However, where the density of the particle 
depends on the medium, such standardisation is meaningless
because of osmotic swelling; in this case 0.25 M sucrose 
at 0° is taken as the standard (de Duve et al., 1959).
The mathematical techniques used to compute sedimentation 
coefficients are outlined in Appendix IV. Once calculated9 
the sedimentation coefficient can be used to estimate the 
size of a particle if it can be regarded either as a 
sphere or.an ellipsoid. For a spherical particle,
V = 4/3 71 B^ and a = 1
so s = (6 t B) / (4/3 n (d - p)/n).
where p and n are the density and the viscosity respectively 
of the standard medium to which the sedimentation coefficient 
s has been referred and d is the density of the particle 
is referred. Bearrangement of the above equation gives
* = /  i r - F v 2 ' (6)
It should be noted that the sedimentation coefficient, 
denoted by a lower case s is in its original units of
-Ti
seconds. Conventionally, this value is multiplied by 10*“^  
and the resulting sedimentation coefficient, denoted by 
upper case S, is quoted in Svedburg units.
The equations developed in this way for the sedimentation 
of particles and the corresponding equations which can 
be developed for diffusion may be combined to produce a 
series of differential equations, which govern the movement 
of particles in a centrifugal field. These equations, 
and the conditions ahd assumptions under which they are 
soluble are discussed by Schumaker (1967). These equations,
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Fig. 1.2. Diagrammatic illustration of A) the instability of a 
sedimenting zone of particles in the absence of a density 
v gradient* B) the stability of a Band in the presence of a 
gradient. C & D) The way in which an initially stable hand can 
'Become unstable if the slope of the gradient changes too 
rapidly.
when integrated, suggest that the shape of a sedimenting 
zone should he gaussian, a prediction confirmed in practice 
(Spragg and Rankin, 1967). However, work on the validity 
of the mass transport equations in centrifugation is only 
just beginning.
Another aspect of gradient theory, that of zone 
capacity, is of much more practical importance. The basic 
requirements for the stability of a migrating band is very 
simple. It is that at no point in the zone should the 
overall density exceed the density at any point further 
removed from the centre of rotation (Svensson et al., 1957). 
The implications of this condition have been worked out 
by Berman (1966), whose analysis is summarised below.
A point which must be remembered is that if particles are 
to sediment at all, they must be denser than the gradient 
solution, and therefore the presence of particles inside 
the band, displacing the gradient solution, will increase 
the overall density. It is this effect which makes a band 
of particles sedimenting in the absence of a gradient 
unstable (Pig. 1.2 a & b). Moreover, even if a band is 
stable initiallyy it may become unstable during 
centrifugation as a result of changes in the shape of the 
gradient. This effect is illustrated in(Pig. 1.2 c & d).
To analyse the total capacity of a migrating band, 
changes in its width during sedimentation must be considers 
If a particle of volume V and density d is considered, 
sedimenting in a gradient whose density p is a function of 
the radius r from the centre of rotation then from equation
3 the velocity of the particle v is given by -
The notation of f(r) etc. has been used to indicate that
the variable f is a function of r.
The first group of terms in equation 3 have been replaced 
by f(r), 011 the assumption that the particles undergo 
no time-dependent changes in shape. If equation 7 is
inverted and integrated, the time for a particle to
migrate from r-^  to r^ is
so that if the trailing edge of the band at r^ and the 
leading edge at r^ and they move to r^ and r£ then as 
the time is equal
Inside the band, the total density is given by
p.j. = cVd '+ (1 - c"V) p = p + cV (d-p) (9)
where c is the particle concentration. Therefore the 
total mass M of particles in the band is
t
f n dr . (8)
M dcVr dr (10)
where L is the height of the rotor
The condition for stability in the band is
Pt(r) <_ p(r2). r1 < r < r 2
which from equation (9) gives
P(r2) > p(r) + cV (d - p). (11)
so that throughout the band
0y < P(r2) - P(r) # rn { r < iv
d - p(r)
(12)
Thus the maximum mass for the band to be stable is given by
This equation can be used to calculate the initial 
capacity of the sample band and, assuming that the width of 
the sample band is small compared with changes in the 
gradient, (8) can be used to calculate changes in the 
width of the band and equations (8) and (13) changes in its 
capacity. The theory of these calculations is given by 
Berman (1966), and the computational methods are outlined 
in Appendix IV.
ii) The Performance of Zonal Rotors
Table 1.4 lists the different types of zonal rotor 
which have been described in the literature. As can be 
seen, the rotors can be divided into three classes, low 
and intermediate speed batch rotors, high speed batch 
rotors and continuous flow rotors. The design of these 
rotors is governed by a number of considerations. Firstly, 
only two types of cylinder are stable in centrifugation, 
a flattened cylinder, with a diameter much larger than its 
height, and an elongated cylinder of relatively small
M,max r dr (13)
Types of zonal rotor
1/ Low and intermediate speed rotors
Code for 
rotor
Early
versions
Volume
ml
Speed
rpm
Gradient 
»Depth»a 
cm
Height
cm
Shape** Ref,
A-XII A-IXa 1,300 3,000 13-0 1.47 Flat 1
HS or Z-XV - 695 9,000 7-7 1-9 IT
Q
2
A-XVI* A-VII 672 3,000 4.7 12 t»d 3
2/ High speed rotors
B-IV 1,720 *40,000 2.6 2.9 Tall 4
B-XIV B-X 649 30.000
(Al)e
47.000 
(Tit)e
4.3 3.43 Flat 3
B-XV B-XI 1,666 26,000
(Al)e
30,000
(Tit)6
6.5 7.64 1! 5
B-XXIX B-XXIII If
B-XXXf 7
f
K-IV 7
3/ Continuous-flow rotors
B-XVI B-V,
B-VIII,
B-IX
40,000 Tall 8
K-II* 2,900 1.05 „d 0
* Reorienting gradient rotor
cl The distance from the edge of the core to the edge of the rotor.
A ’Flat1 rotor has a diameter much larger than its height, a ’Tall1 rotor 
is much higher than it is wide.
c This rotor is a commercial development of the A-XII. The reference is the 
earliest the author can find of its use.
The rotor cross section itself is hexagonal to enable the gradient to re­
orient easily. The rotor is fixed to a massive flywheel to give stabilit
These rotors are made in aluminium and titanium. Maximum speeds for each 
version are given.
f
These rotors are mentioned, but not fully described in the abstract cited.
Table 1.4 (continued)
References
1/ Anderson et al., 1966a
2/ Price and Hirvonen, 1967
3/ Elrod et al., 19^9
4/ Anderson et al., 1966b
5/ Anderson et al., 1967
6/ Anderson et al., 1968a
7/ Anderson et al., 1968b
8/ Cline and Brantless, 1968
9/ Cline et al.. 1967
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diameter (Barringer,1966). Rotors of the first type 
require only one point of support, hut the elongated rotors 
mlist he supported at hoth ends* Rotors of the first shape 
are, therefore, clearly preferable for hatch work since 
they can he spun in the same sort of centrifuge as 
conventional rotors. Continuous flow rotors, on the other 
hand, work more effectively, the longer the path length 
between the entrance and exit of the flowing stream^ 
a rotor of the elongated design is, therefore, indicated.
As can he seen from Table 1.4, all the hatch rotors except 
the B-IV are of the configuration, the B-IV rotor being 
an early design-which has now largely been superseded.
As the speed of a rotor is increased, the strength^of 
the walls must he increased out of all proportion because 
the tensions set up in the metal of the wall itself under 
high centrifugal fields leave very little margin to support 
the weight of the gradient. Therefore, in a high-speed 
rotor, although the external radius is greater than the 
height of the rotor, internally the actual sedimentation 
space is taller than it is long. The low-speed rotors, on 
the other hand are not restricted in this way and, in 
addition, do not have to he spun in a vacuum. Therefore, 
with the exception of the re-orienting gradient rotor 
(A-XVl) to which special considerations apply, the low-spoed 
zonal rotors are characterised by a long thin gradient space.. 
The upper and lower wall of this compartment are made of 
Perspex to allow the movement of particles to he followed 
while centrifugation is proceeding.
Movement of particles, both by sedimentation and 
diffusion is important only along a radial line. Increasing 
the height of a rotor, therefore, increases its volume 
and the amount of material which can be separated at any 
one time, but does not alter the resolving power. As the 
absolute increase in the width of a sedimenting band 
caused by diffusion is essentially independent of the width 
of the original band, the greater the radius of the rotor 
foi* a given volume of gradient, the less important will 
diffusion become, providing that the centrifugation time 
can be kept fairly short. However* if the long path length 
means very prolonged centrifugation, then it will become a 
disadvantage because of the lability of most biological 
material. A general guide to the suitability of different 
rotors for different types of separation is given in Pig. 1',.
The situation is different if all the particles are 
to be sedimented to their isopycnic positions. In this 
case, the width of the final band can be reduced by 
increasing the centrifugal force (Beaufay 1966). As 
particles approach their equilibrium position very slowly 
a fast rotor is normally needed to keep the centrifugation 
time within reasonable bounds. A fairly short sedimenting 
space is also an asset in reducing banding time. In 
general, the best rotor for isopycnic separations is 
the fastest one available.
The design of experimental conditions for a separation 
in a zonal rotor is usually decided by trial and error. 
However, the ideal ‘sector1 shape of the sedimentation space 
inside a zonal rotor allows wall effects to be completely
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Pig. 1.3. Suitability of the different types of zonal rotor 
for the fractio&ation of different sizes of subcellular particles.
neglected. The results of theoretical analysis by the 
methods already outlined are therefore applicable(Spragg 
and Rankin, 1967). With the help of this analysis and of 
a model for particle sedimentation such as those discussed 
by Schumaker (1967), it should be possible to predict the 
effectiveness of separations before actually using them.
This development, however, is not likely to come in the 
near future. Until it does, density gradient design will 
be an art only learnt by experience.
iii) The Generation of Density .Gradients
a) Density Gradient Materials
Materials suitable to act as solutes for the 
generation of density gradients can be divided into three 
groups, low mo3.ecular weight, ionic compounds, such as 
caesium chloride or potassium bromide, low molecular weight, 
non-ionic, compounds such as sucrose, and high molecular 
weight compounds such as polysaccharides. The properties 
of these three types of material will now be considered in 
turn.
The greatest range of density is obtained by usiiig 
salts of heavy metals as solutes. A variety of caesium salts 
have been tested for this purpose. A comparison of their 
properties has been made by Zolotov and Engler, (1967), 
but caesium chloride is by far the most widely used, being 
employed for the banding of both purified nucleic acids 
(see I’lamm at al., I966) and fibohucieoprotein particles 
(Perry and Kelley, 1966). It is, however, necessary to fix
the latter with formaldehyde before centrifugation since 
otherwise, the high salt concentration causes complete 
dissociation of the RNA and prctein (Spirin et al., 1965). 
SUch breakage of the ionic links which bind macromolecules 
into organised structures is the main reason for the limit* 
usefulness of salt gradients. Apart from fractionation of 
nucleic acid and nucleoproteins, including viruses, the 
main application of salt gradients has been in the 
fractionation of lipoproteins by flotation in gradients of 
potassium bromide (Nickols, 1967) or by sedimentation in 
mixed gradients of sucrose and potassium bromide (Wilcox 
and Heimberg, 1968). While it is easy to upscale 
lipoprotein separations for the zonal rotor (the last 
reference given is in fact to such work), caesium chloride 
gradients have been less extensively used than might have 
been expected, for two reasons. The first is the enormous 
cost of the large scale use of caesium salts, even if some 
form of recovery apparatus (Wright et al., 1966) is 
instailed5 the second is that caesium salts attack 
aluminium and, therefore, as the gradient material in a 
zonal rotor is directly in contact with the metal of the 
rotor, the use of caesium chloride gradients is possible 
only with titanium rotors.
The second class of gradient materials is that of the 
small non-ionic solutes such as sucrose, which is, of 
course, by far the most widely used gradient material. 
Because of this, much work has been done on the physical
properties of sucrose solutions (e.g4 de Duve et al. i 1959 
Barber, 1966) so that accurate equations are available to
calculate the density and viscosity of sucrose solutions 
over a wide range of temperature and concentration. The 
concentration of a sucrose solution can he accurately 
estimated from its refractive index. Of the other solutes 
in this group, glycerol has been used as a gradient material., 
and urea gradients (Kempf and Mandel, 1966) and gradients 
of a number of other compounds (Hastings et^  al. , 1968) have 
been used to dissociate RNA aggregates, which are stable 
in sucrose. The latter paper, however, illustrates the 
number of hazards which are encountered when unusual gradient 
niateirials are used.
While non-ionic compounds, such as sucrose, do not 
dissociate biological material in the seme way as high 
concentrations of salts, nevertheless, they do cause a 
vahiety of deleterious effects. All compounds in this 
class exert a high osmotic pressure and most of them also 
tend to penetrate cell organelles. The degree of 
penetration varies. Glycerol penetrates biological membranes 
freely (Wallach, 1967), but sucrose seems to penetrate only 
a part of most organelles (Beaufay et al., 1964). These 
observations are in agreement with the model for the 
behaviour of cell organelles in various solutes proposed 
by de iDuve, Berthet and Beaufay in 1959. In addition to 
these general effects, sucrose has been shown to have a 
number of deleterious effects on biochemical systems.
These include inhibition of the Lowiy reaction for
tkc estimation of protein (Schuel and Schuel, 1967) and 
impairment of enzyme activities as listed by Hinton, Burge
and Hartman (1969). It is not clear, however, whether 
the effects are specific to sucrose or are shown by other 
solutes, for these have not usually been tested. It is 
interesting that uricase has been shown to be inhibited by 
hi^h concentrations of glycerol (lata, 1969).
The third group of solutes, large molecules, do not, 
in general, penetrate biological membranes or exert an 
appreciable osmotic pressure and are, therefore, very 
attractive on theoretical grounds. A wide range of material 
is covered by this group, ranging from colloidal silica 
solutions (Lu&ox) (Pertoft, 1966, Pertoft et al., 1967) 
to bovine serum albumin (lief and Tlnograd, 1964). Two 
types of material are especia3.1y interesting. The X-ray 
contrast medium Urographin (methyl glue amine salt of 
3,5-di-iodo 4-pyridone-N-acetic acid (umbradilic acid) ) 
forms a gradient with a density range of 1.0 to 1.6 and 
seems to be biologically inert. It can be used for the 
equilibrium banding of live spermatozoa, which can then be 
used for artificial insemination with some success (Benedict 
et al., 1967). It has also been used for the separation of 
yeast mitochondria (Schutz, Haslbrunner and Tuppy, 1964), 
for the separation of the cells and spores of Bacillus 
megaterium (Tamir and Gilvarg, 1966) and for fractionating 
the various cell types of the slime mould Dictyostelum 
discoideum (Miller, Quince and Ashworth, 1969). Moreover, 
its range of density, covers that of ribonueleoprotein 
particles in sucrose solutions (Peterman* 1964) and the 
ionic strength of its solutions are unlikely to be high
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enough to dissociate RNA and protein. It may therefore be 
very useful in this field.
The second interesting group of high molecular weight 
gradient materials are polysaccharides. Although dextrans 
have been used for a long time for cell fractionation (e.g. 
Birbeck and Reid, 1956) the high viscosity of the solutions 
and the presence of low molecular weight contaminants limit 
their usefulness. Glycogen suspensions do not suffer from 
these disadvantages, but can be used only for centrifugation 
at quite low speeds since the glycogen itself tends to 
pellet. Nevertheless, de Duve and his colleagues (e.g. Beauf 
et al., 1964) have made extensive use of this material in 
fractionating mitochondria and lysosomes. More recently, 
an artificial polysuorose, Ficoll, has become commercially 
available and appears to be the best and certainly the most 
widely used of the polysaccharide gradient materials. It 
has been used in experiments as diverse as fractionating 
mixed populations of cells (Boone et al., 1968) and 
subfractionating microsomes (Wallach, 1967). The physical 
properties of Picoil solutions have been tabulated in detail 
by Pretlow and his colleagues (1969) and enable sedimentation 
coefficients and related data to be calculated from experimen 
in which Ficoll is used as the gradient material. The main 
drawback to its wider use in zonal rotors is the almost 
prohibitive cost if it is used on a large scale. Therefore? 
in spite of all its dishdvahtages, sucrose is likely to 
remain the gradient material of choice in experiments with 
zonal rotors
b) Gradient Makers
A wide variety of devices have been designed for 
the generation of density gradients in the small tubes used 
in conventional types of centrifuge rotor. (For references 
see Hinton and Dobrota, 1969, in particular, Oster and 
Yamamoto, 1963). In general, however, it is not easy to 
scale up any but the simplest of these devices to give 
the volume of gradient required by zonal rotors. Some 
designs of gradient makers suitable for use with zonal rotors 
have been published (Anderson and Rutenburg, 1967, Birnie 
and Harvey 1968). Both these designs are for simple gradient 
makers giving exponentially curved gradients, and function 
by allowing a dense solution to flow into a closed mixing 
vessel from which the gradient is pumped out. The mixing 
vessel is initially filled with a solution of the composition 
of the least dense point on the desired gradient.
iv) Analysis of the Results of Separation Experiments
If the results from a zonal run are to be used to their 
fullest extent, some form of mathematical analysis is 
necessary. The techniques for such analysis are, hnwever? 
still in an embryonic state because, as will be discussed 
in Appendix II, the mathematical techniques used in analogous 
situations require adaptation before they can be applied 
to zonal runs. Here some of the techniques available will 
be summarised briefly. The computational techniques actually 
used by the author are described in Appendix II.
Two approaches to the Analysis of separation experiments 
are available: an analysis which attempts to reconstruct
the distribution of particles within the rotor and to apply 
curve-fitting procedures, and an analysis which applies 
statistical methods to the series of fractions recovered 
from the rotor.
a) Curve-fitting Procedures
In general, the distribution of a particular component, 
such as ENA, in the rotor is described by 
C = f (Y) .
Where C is the concentration of the material at some point 
in the rotor and Y is the volume of the rotor chamber up 
to that point. However, all measurements, even those logged 
from monitoring devices, are recorded as discrete bits, 
so the distribution f (Y) is obtained as a series of points. 
This distribution can be analysed only if certain 
assumptions are made about the nature of the particles and 
their behaviour during centrifugation. Two extreme 
assumptions are particularly useful. The simplest 
assumption is that the particles can be grouped into a 
series of homogeneous populations. Analysis of the 
sedimentation of particles suggest that the sedimenting 
peak of each particle will have a gaussian form when 
concentration is plotted against the distance moved from 
the sample band (Schumaker, 1967). This prediction seems 
to be b o m  out in practice. ^
In order to analyse a distribution of particles which 
are assumed to follow this rule, the radius in the rotor 
corresponding to each voldme must be calculated, and the
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particle concentrations, which are in terms of gradient 
volume, must he transformed to refer to radius. The 
concentration of particles can then he written
O' = f (r) “ I  g (rx,sx) (1)
where there are n particles in the system each following 
a gaussian distribution, with its mode at r and with a 
standard deviation of s .A
By use of suitable mathematical techniques, a curve 
of the form of equation (l) can he fitted to the series 
of points generated by the measurement on the contents of 
the rotor. Any degree of accuracy of fit can he attained 
by fexpanding n, the number of particles assumed to be 
present. Some limitation must be put on the curve-fitting 
procedure, so that it will be stopped either when a
required closeness of fit has been obtained, or when a
certain number of particles have been accounted for, 
otherwise a large number of 1 spurious1 peaks will be 
generated. The accuracy with which the curve fitting can 
be performed obviously depends on the quality of the initia 
data. Some form of smoothing of low-quality data before 
the curve fitting is started may help to avoid the generation 
of spurious solutions.
In this discussion it has been assumed that the 
apparent heterodispersity of the particles is due to the 
broadening of a band of homogeneous particles by diffusion.
To a first approximation this is true for particles such 
as the subribosomal particles, whose separation is 
described later. These are very small particles, whose
diffusion rate is therefore high and which therefore require 
a lengthy centrifugation for their separation. The 
broadening of the sedimenting zones by diffusion is 
therefore very important. However, when large particles 
such as mitochondria are examined, especially when a very 
flat rotor such as the A-XII zonal rotor is used, the 
diffusion of the particle during the short centrifugation 
required for their separation will be negligible. The 
curve fitting procedure described above can, however, still 
be applied if some randomly distributed property of 
the particles can be related to the distribution within the 
rotor. The recent development of morphometric cytology 
(see Weibel, 1969) lias provided information on this point. 
Baudhuin and Berthet (1967) have shown there to be a close 
correlation between the size of particles calculated by 
morphometric cytology and that obtained by the analysis of 
sedimentation experiments. Hone of the parameters of the 
particles examined in this study was, however, found to 
follow any of the simpler statistical distributions.
b) The Statistical Approach
The second approach to the data available from the zona 
centrifuge is to attempt a statistical analysis of the 
data, regarding each fraction as a separate entity. The 
normal aim of this analysis is to establish the distribution 
of some activity ambng a series of particles each of which 
is identifiable by a marker activity. If the proportion 
of the unknown activity whose distribution is in the i 
particle is p^, then summing over the n particles known to
be present in the system
n /v
x + x = 1 (2)
where X is the proportion of the activity which is not 
present in any of the identified particles*
After a separation of the material into m fractions,
it can easily be shown that if a proportion y. of the
J
*tjTl
activity is recovered in the j fraction and if the i 
marker has been purified a ^  times in this fraction then
1=1 €  pi aij *•. *j = yD 5 = 1 ...... (3)
Where x . is the percentage of the activity not located 
J
in any of the particles in this fraction. As no particle
can have less than none or more than all of the unknown
activity, a further set of conditions is
0 4 C  1 i - l?0,0on6 (4)
Equations (2), (3) and (4) cannot be solved uniquely, 
unless certain assumptions are made. One possible
as&uinption is that all the activity is in fact located in
the known particles * In most fractionation experiments 
this is approximately the case. Under this assumption
xi = ....= xi = .... a = xm = 0 (5 )
However, unless all the material in the original fraction 
is accounted for in the m fractions recovered, it can.no 
be assumed that = 0. Eor example,if the m fractions
were the fesult 6t a subfractionation of a crude nuclear 
fraction, then the assumption of equation (5) will be 
reasonably valid even if soluble protein is neglected.
In the final calculation it will he found that up to 50f° 
of the protein of the whole homogenate is unaccounted for, 
due to the neglect of the soluble protein, yet this in 
itself will not affect the accuracy of the assignments. 
Providing the assumption in equation (5) above is made, the 
set of equations in (3) above can be solved, either 
providing an exact solution if n = m or admitting of a 
best solution (fleast square*) with an estimate of its 
error if n< m. A solution of the equations in the latter 
case makes allowances for the inaccuracy of the data 
especially if m is much larger than n, but tends to 
overestimate the assignments, because part of the activity 
which is really not in any of the particles is shared out 
between them because of the original assumption. The 
result will therefore tend to be an overestimate. One very 
useful feature of a solution by this method is that an 
estimate of the confidence limits of the solution can 
be obtained, for example by Monte-Carlo methods viz feeding 
the data with random'change governed by the known errors 
in the estimation methods on which each bit of the data 
is based.
The second approach to the problem in equations (2), 
(3) and (4) is to use linear programming techniques (Gass, 
1958) to minimise X, the unassigned portion of the activity 
(These techniques are immediately attractive because the 
problem is in exactly the right format for their applicatio 
Unfortunately, these methods normally make no allowance 
for inaccuracies in the data. As a result, because the 
number of constraints is in excess of the number of variabl
if slack variable are omitted, the program will tend t:o 
select n out of the m equations to give the final solution. 
This will result in a severe bias of the solutions towards 
low values. Some form of averaging of the data before 
analysis is therefore necessary. If this is done, the 
method gives results in close agreement with morphological 
measurements (Leighton et al., 1968).
The Aims of this Study
When the work described in this thesis was begun, 
zonal rotors had only just been introduced to England, and 
no-one could fully predict their capabilities, or forsee 
their limitations. Therefore the author, with his 
colleagues, was given a free hand to investigate the 
potentialities of these rotors, within the framework of 
of the work being carried out by Dr. Reid's group. This 
had been concerned with the study of some of the steps 
in the pathways of RNA synthesis and degradation in normal 
and cancerous liver (e.g. Reid.eJ; o j * ( 1 ** * *) )j 
but when evidence accumulated that 5*-nucleotidase was 
entirely located within the plasma membrane (Reid, 1966? 
El-Aaser and Reid,1969 ) and would serve as a marker 
for its study ,, especial interest was taken in
the plasma membrane.
As has already been mentioned, at the time when this 
work was begun, the only well established method for the 
preparation of plasma membrane from rat liver was the 
adaptation by Emmelot and his colleagues (1964) of the 
method of Neville (I960). This method has notable 
disadvantages; it is tedious; it requires, according to 
some of its users, an especial 'knack1; and, because of 
its use of hypotonic media, it renders impossible the 
simultaneous isolation, in a reputable state; of other 
elements such as mitochondria. In addition, only a 
small percentage of the 5'-nucleotidase, even of that 
portion which sediments in the crude nuclear fraction, 
is recovered in the final preparation, and no-one seems
to have investigated what happens to the rest. We 
therefore attempted to fractionate liver homogenates in 
such a way as to yield representative plasma membrane 
fractions both from the fragments which sediment with the 
nuclei on differential centrifugation, and from those 
which sediment with the microsomes. The former aspect of 
the project is described in this thesis, and reports on 
the second aspect have now been made elsewhere (El-Aaser
C l
et al., 196^; Hinton et al., 1967; Eitzsimons, 1969; 
El-Aaser et al,, 1970; Hinton and Norris, 1970),
Whilst our initial interest in the plasma membrane 
arose from its apparent role in nucleotide metabolism, 
our interest has become sharpened as the idea has gained 
ground that changes in intercellular communication may 
play an important role in carcinogenesis (see the work: of 
loewenstein and his colleagues, reviewed earlier during 
the discussion of *'Tight Junctions1, and the work cited by 
B ojj tethd on carcinogenesis by the
implantation of plastic sheets). If it is true that a 
tissue is held in homeostasis by the constant interaction 
of its component cells, it is easy to see that 
interference with intercellular communication may lead to 
an interruption of the homeostasis and to the possible 
1 evolution1 of autonomous cells which will multiply to 
form malignant tumours. This theory has the advantage 
that it can account for the many modes of carcinogenesis, 
for it is clear that cell communication is an active 
process and, therefore, cells damaged in any way may lose 
the ability to exchange information with their neighbours.
The changes in the plasma membrane following various forms 
of injury, and especially injury by carcinogens, is 
therefore of extreme interest. However, as the changes 
are likely to be subtle, there is a need for a reproducible 
method of obtaining a representative sample of plasma 
membrane. Zonal rotors are eminently suitable for 
experiments such as these, where a 1 balance sheet’ approach 
is required, for the 1 continuous scan* of cell organelles 
which.they provide ensures that no size of particle is 
missed. The author1s immediate aim was therefore to find 
a simple and reproducible method of separating that part 
of the liver plasma membrane which sediments in the crude 
nuclear fraction whilst causing as little damage as 
possible to other cell organelles.
The work on the fractionation of subribosomal 
particles as described in the latter part of this thesis, 
arose partly, as will be described later, from a chance 
observation during experiments on the subfractionation of 
microsomes, and partly from the needs of colleagues who, 
with a visiting worker from the Academy of Sciences,
Sofia, Bulgaria, were investigating the distribution of 
rapidly labelled DNA-like RNA in the cytoplasm, and its 
resistance to attack by ribonuclease (Dessev et al.« 1963;„ 
It became clear that this RNA was localised in particles 
which sedimented much more slowly than microsomes, and 
it was obvious that the high capacity and resolving power 
of zonal rotors would be invaluable in further 
investigation of these 1 supposed’ informosomes, containing 
messenger RNA. The importance of any information on
cytoplasmic informosomes need hardly he mentioned, for 
one of the main gaps in our knowledge of the information 
transfer chain which links DNA and protein is the method 
by which messenger RNA is transferred from the nucleus to 
the pblysomes.
Because of the lack of ’know-how’ in 1966, on the 
operation of zonal rotors the author and his colleagues had 
perforce, to tackle many operational and instrumentation 
problems. In addition, after many evenings sitting on 
a floor entirely surrounded by graphs, the author realised 
that zonal rotors were capable of producing very much 
more information than he, at any rate, was capable of 
digesting. Computers, having large and unforgetful, if 
stupid, minds seemed much more likely to be able to cope 
with the problems, and the author therefore began to 
develop the data handling and interpretation programs, 
whose first incarnations are described later.
MATERIALS AND METHODS
MATERIALS
In general, analytical grade chemicals, obtained from 
either BLH Ltd. or Hopkins and Williams Ltd. were usedc 
However, in the case of chemicals such as phenol, which 
were used in large quantities, laboratory grade material 
was employed if there was no likelihood of detrimental 
effects from the possible impurities. A H  media were 
prepared in distilled water. Where, as with Tris buffers, 
there was a considerable affect of temperature on the pH, 
the latter was referred to the temperature of use (e.g.
37° for enzyme assays).
The Radiochemical Centre, Amersham supplied (6-^C) 
orotic acid (60.8 mC/m mole) and sodium (*^P)orthophosphuf 
(injection B.P.). Adenosine 5’-phosphoric acid, glucose- 
6-phosphate (di-barium salt) and Jjp dime thy lglutaric 
acid were purchased from Koch-Light Ltd. * and sodium 
^-glycerophosphate was obtained from BLH Ltd. Other enzym 
substratesj Tris buffer (tris(hydroxymethl) amino-methane) 
and Norit A activated charcoal were obtained from the 
Sigma Chemical Company Ltd* The agar used was Ionagar 
No. 2, purchased from Oxoid Ltd. Macaloid was a gift 
from the Baroid division, National Lead Company, Houston, 
Texas. Urografin (methyl glucamine salt of 3*5-di-iodo 
4-pyrldone-N-acetic acid (umbradilic acid) was given by 
Sobering Chemicals Ltd., Pharmaceuticals Livision,
Burgess Hill, Sussex (per Lr. M. Briggs).
The animals used were hooded rats of a Chester 
Beatty Research Institute strain, supplied by the Universl 
of Surrey Animal Unit. The original breeding nucleus was 
obtained by the University from the Specific Pathogen-Eree 
Unit, Allington Earm, Ministry of Defence, Porton Down, 
Salisbury. Male animals about 3 months old were used for 
all experiments except those on the preparation of 
subribosomal particles where female rats of the same age 
were used. The hepatomas studied were transplants of a 
primary hepatoma (U), induced by Dr. Reid and his colleagu 
Material from the subline UA was used. The primary tumour 
was a well differentiated hepatoma, derived from rats fed 
ethionine over a period of seven months, there being a 
break after the first five weeks of feeding, andthree 
other breaks, amounting to a total of five weeks. The 
original hepatoma arose eight months after ethionine 
feeding had ceased, and was maintained by subcutaneous 
transplantation. By the time the tumour was examined 
(30th to 90th transplant generation) the glucose-6- 
pkosphatase level on a weight basis had fallen to about 
20$ of that of liver, and the generation time to about 
three weeks.
CHEMIC All ESTIMATIONS
y  tmmmmmmmm w ih im     »m ■■■   .........
^  Protein Aliquots of 0.5 ml, were digested with an 
equal volume of 1 N NaOH at 37° until a clear solution was 
obtained. The protein content was measured by the manual 
method of Lowry et al., (1951) or by an adaptation of this 
method to the Technicon AutoAnalyser (Scheul and Scheul, 
1968). Bovine serum albumin standards were run with each 
batch of estimations. As the intensity of the colour produce 
by the reaction is not linear with protein concentration 
(Pig 2.1 a and b), the concentration of protein in the 
experimental solutions was estimated either graphically or 
by fitting a binomial curve to the standards.
In later experiments,the AutoAnalyser method was 
adapted to include the preliminary digestion of the sample 
as well as the colorimetric reaction. The manifold used is 
shown in Pigure 2.2a. The sensitivity of the manifold may 
be increased by connecting the pump tubes marked with an 
asterisk in place of the «ample and NaOH lines, Thu eodium 
hydroxide concentration is fairly critical as too low a 
concentration may result in poor digestion of the sample 
while too high a concentration causes precipitation of the 
colorimetric reagents. Very little cross-contamination 
between sbmples is found whan a sampling rate of 30/h is used 
The standard curves are similar to those produced by other 
varients of the Lowry method, showing a fall in sensitivity 
at high protein concentrations (Pig. 2.1 c and d).
2) Estimation of Nucleic Acids
In earlier methods the procedure of Schneider (1945) was 
followed, the nucleic acids being extracted by hydrolysis in
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Fig* 2,1* LiftQQPity of the assay of protein hy^  variants of the 
i22S2 procedure. A) Manual method* B) AutoAnalyser method of 
Schuel and Schuel (1968). C) 1 Completef AutoAnalyser method 
at low sensitivity and D) at high sensitivity.
Fig. 2.2. A) AutoAnalyser to perform the estimation of protein 
hy the Lowry procedure, including a preliminary digestion. The 
manifold is shown set-up for a * low-sensitivity* estimation.
For estimations at f high-sensitivity* the * sample* and FaOF lines 
marked with an asterisk sboud he connected. The reagents are 
NaOH - 0.66 N (2.0 N for * high-sensitivity* estimations^.
Buffer - 84 g NaFCO^ + 25 g NaOF / 1. Cu tartrate - 0.1 ? CuSO^ 
+0.2 % Na/K tartrate. Folins - Folin and Cioealteu*s reagent 
diluted 1 + 2 with water. B) Trace of 100 and 200 p.g/ml hovine 
serum alhumin standards showing low cross-contamination (30/h). .
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hot acid and the ribose and deoxyribose being estimated by 
specific colorimetric reactions. In detail, an aliquot of 
the material was precipitated with an equal volume of 10$ 
perchloric acid after adding 2.5 mg of casein in solution 
to act as a carrier. The precipitated nucleoprotein was 
spun down and washed five times with 5$ perchloric acid 
in order to remove every trace of sucrose in the sample.
The washed pellets were extracted twice with hot (80°) 5$ 
perchloric acid for 15 minutes*
The DNA content of the extracts was estimated by an 
adaptation (Turner, 1966) of the method of Burton (1956), 
an aliquot of the extract after suitable dilution being 
mixed with a double volume of 1.5$ diphenylamine dissolved 
in glacial acetic acid (Laboratory reagent grade) containing 
1.5$ concentrated sulphuric acid. The tubes were left in 
a dark cupboard for two days before reading the extinction 
at 600 nm. Herring sperm DNA of measured phosphate content 
was used as a standard. The ribose content of an 
aliquot of the pooled extracts was estimated by mixing 
with an equal volume of 0*5$ orcinol dissolved in concentrat 
HC1 containing 0.007$ CuCl2 and heating to 100° for 30 
minutes. After cooling,the extinction at 665 nm was 
measured (Turner, 1966). The reaction was standardised 
using a solution of yeast BNA of known phosphate content.
As the reaction is not completely specific for ribose it 
was necessary to estimate the interference due to 
deoxyribose and to correct the experimental values 
accordingly.
In spite of the extensive and time consuming washing 
in the procedure just described, sucrose carried over from
the samples often interfered with the estimation of ribose. 
This method was therefore discarded in favour of a variant 
of the Schmidt-Thannhauser( 1945) procedure descnbed by 
Fleck and Begg (1965).
Perchloric acid was added to the sample to give a final 
concentration of 0.2 N and, after leaving for 10 minutes 
at 4°, the precipitate was collected by centrifugation. If 
necessary 0.2 to 0.4 mg of bovine serum albumin were 
added as a carrier. The precipitate was washed twice with 
0,2 N perchloric acid and then extracted at 37° with 4 ml 
of 0.3 N KOH. After 1 hour 2.5 ml of 1.2 N perchloric acid 
were added, the tubes cooled to 0°, and the precipitate 
spun down. This was washed with 1.5 ml of 0.2 N perchloric 
acid, the washings combined with the extracts and left 
overnight to allow all the KCIO^ to crystallise before 
measuring the extinction at 230 and 260 nm.
The formula given by Fleck and Begg (1965) was used to 
correct for interference by extracted peptides although 
this is strictly applicable only to unfractionated liver.
In preliminary experiments it was shown that the amcunt
of material absorbing at 260 nm extracted by this method
was proportional to the concentration of tissue over a wide
range. The pellet left after removal of the RNA was
re-extracted twice at 80° with 5$ perchloric acid to
solubilise the DNA which was then estimated by reaction
with diphenylamine as described earlier. Experiments in
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which the M A  was labelled for short periods with 6- C-oror 
acid indicated that less than 3$ of the labelled RNA was
carried over to the PCA extract. The extraction of the ENA oy 
potassium hydroxide did not seeiri to interfere with the 
subsequent extraction of UNA by hot perchloric acid.
3) Estimation of Cytochromes b^ and J 450
The two microsomal cytochromes ware estimated following 
the methods of Qmura and Sato (1964). The difference 
spectra were drawn on a Unicam SF 800 recording 
spectrophotometer. Cytochrome b^ was estimated from the 
difference spectrum between oxidised material and material 
reduced with NADH (0.1 mg/ml). The tissue was suspended in 
0.1 M phosphate pH 7.4. The concentration of cytochrome 
was calculated from the figures given in the paper just
„clted. Some^care-was^necessaD^y—to-ensure^that the ! oxidised'
tube was in fact properly aerated. Cytochrome P450 was 
estimated from the difference spectra between material 
reduced with dithionite and that- saturated with aarbon monos:id:
4) Estimation of Haemoglobin
An approximate estimate of the amount of haemoglobin 
present was obtained from the spectra of the fully oxidised 
fractions. Nearly all the haem y "bund adsorbtion seemed to 
be due to haemoglobin. An approximate correction for light 
scattering was made by calculating E^10 - (E^gQ - E ^ q )/2.
5) Estimation of loosely bound Iron (Ferritin)
Ferritin could be estimated from the amount of loosely 
bound iron in the fraction as haemosiderin, which also 
contains loosely bound iron, is not present to any extent in 
young rats. The loosely bound iron was measured by the
method of Beaufay et al., (1959a). A 3 ml aliquot of tissue 
was treated with 1 ml of 0.5 M acetate buffer pH 4.7 
containing 4.2$ ascorbic acid and 0*2$ 2,2 dipyridyl. The 
tubes were heated for 10 minutes in a boiling water bath 
and deproteinised by the addition of 0.5 ml 25$ trichlorace'- 
acid. After centrifugation,the optical density of the 
ferrous iron-dipyridyl complex wab measured at 520 nm.
ENZYME ESTIMATIONS
The enzyme estimations performed during this study may 
be conveniently divided into three groups;- enzymes 
releasing inorganic phosphate, enzymes releasing 
phenolphthalein or p~mtropheno 1, and a miscellaneous group,,
l) Phosphatases
The same basic assay system was used for all phosphatas 
enzymes. A 0.5 ml aliquot of tissue, diluted if necessary, 
was mixed with 0.4 ml of a mixture of buffer and activating 
ions. The reaction was started by the addition of 0.1 ml 
substrate. After incubation at 37°, for times varying 
between 10 and 90 minutes, the reaction was stopped with 
1.5 ml of 6$ trichloracetic acid. The denatured protein 
was spun down and the free inorganic phosphate in the 
supernatant measured. On occasions 10$ perchloric acid was 
used in place of 6$ trichloracetic acid, but it was found 
to cause breakdown of nucleoside di- and tri- phosphates, 
so its use was discontinued.
The inorganic phosphate released by the enzyme reaction 
was normally estimated by the method of Lowry and Lopez
(1946) either manually or using an adaptation to the 
Technicon AutoAnalyser. Where thiamine pyrophosphate was 
the substrate, it interfered with this method in both its 
variants and another method had therefore to be found.
The method of Berenblum and Chain (1936) was chosen. Before 
the development of the AutoAnalyser manifold,this method 
was also used to estimate phosphate released from sodium 
f -glycerophosphate at pH 9.6 since this substrate seemed 
to interfere with the manual varient of the Lowrey and Lopes 
procedure, but it did not interfere with..the automated 
adaptation.
a) Manual method of Lowry and Lopez
All the 2.5 ml of the supernatent from the deproteiniue 
"enzyme reaction mixture was used. 1.5 ml of 0.6$ ammonium 
molybdate in 5$ perchloric acid was added, followed by 0,5 
ml of a freshly prepared solution of ascorbic acid (2 mg/ml) 
The molybdenum blue colour developed rapidly (Fig. 2.3a) 
and only a slow increase was found after 15 minutes. The 
colour never stabilised completely; The absorption of the 
phosphomolybdate complex was measured at the 750 nm 
(Fig. 2.4a).
Thiamine pyrophosphate and sodium p-glycero phosphate at 
pH 9.6 interfered with this method, the former by producing 
a milky complex with the molybdate reagent, the latter by 
interfering with the development of the colour (Fig. 2.3b). 
The latter effect is probably due to the raising of the pH 
of the reaction mixture by the b p-glycerophosphate, for a 
similar effect is produced by lowering the concentration of 
acid. ’
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Fig, 2,3, A) Development of the molybdenum-hlue colour in the 
estimation of inorganic phosphate hy the method of Lowry and 
Lopez (1946). B) Effect of TTa g-g?.yc e roph o sph a t e on colour
development------- —  v phosphate standard in water,
0 „.__ 0 phosphate standard in 0,1 11 glycine pF 9. 6, + + as
above, hut with 0.1 M Na g-glycerophosphate present.
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Pig. 2.4. A) Spectra of molybdenum blue complexes formed in the 
estimation of"phosphate "by the methods of Lowry and Lopez
( ------- ) and Berenhlum and Chain (......  ). B) Standard
curve for the estimation of phosphate by the method of Berenhlum 
and Chain 1195817™ Cj Interference of"thiamine pyrophosnhate 
Xtpp]Tin~the assay of phosphate hy the Berenhlum and Chain 
procedure. Phosphate standards assayed in the presence (o— — ©) 
and absence (*—  X) °£ 5
) Manual metliod of Berenblum and Chain
The whole deproteinised supernatant from the eiiZyme 
reaction was treated with 0.5 ml of 2.5 N HgSO^ and 0.5 ml of 
ammonium molybdate. The phospho-molybdate complex was 
extracted' into 5 ml of 1:1 iso-butanol benzene. A 2 ml 
aliquot of this organic extract was treated with 2 ml of 
1 N H^SO^ in 36<?o ethanol and 0.5 ml of SnClgClO^ solution 
in concentrated HC1 diluted 1:200 vith 0.25 N H^SO^.
The extinction was measured at the absorbance peak of 730 nm 
(Pig. 2.4a). Good linearity with phosphate concentration 
was obtained (Pig. 2.4b). Although this method could be 
used to estimate inorganic phosphate in the presence of 
thiamine pyrophosphate,a definite decrease in the sensitivity 
of the assay was noticed _(.P_i&._2-.4-0-)-.__________ _____________
c) AutoAnalyser adaptation of the method of Lowry ana Lope--
The manifold used is shown in Pig. 2.5. A sampling 
rate of 40/h gives well shaped peaks with little cross 
contamination (Pig. 2.6a). The baseline is very stable and 
there is a linear relation between phosphate concentration 
and optical density throughout the full range of the 
recorder (Pig. 2.6b). Nucleotide di- and tri-phosphates are 
not broken down in the manifold and there is no interference 
by p-glycerophosphate at pH 9.6. After a time the manifold 
becomes contaminated due to precipitation of the phospho- 
molybdate, and some cross contamination between samples 
becomes evident. The manifold should then be cleaned by 
pumping 1 N NaOH through all the lines for about 30 minutes 
followed by distilled water for a similar period. Levor IV
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Pig. 2.5. AutoAnalyser manifold used for the estimation of 
inorganic phosphate. The reagents are:- Amm. Mo. - 0.6 % 
ammonium molybdate in 5 ^ PCA. Ascorbate - 2 mg/ml solution 
of ascorbic acid. Sample wash - 4 % trichloracetic acid.
Col g .rimetry at 697 nm.
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Pig. 2.6. A) Trace of phosphate estimation using the AutoAnalyser
manifold shown in Pig. 2. 5 demonstrating the low cross­
contamination at a sampling rate of 40/h. B) Standard curve 
for the estimation of phosphate using the AutoAnalyser.
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may be used to improve the bubble pattern. B3ELV should 
not he used as it interferes in the estimation.
Details of the conditions for the estimation of various 
phosphatases
The incubation media used for the different pnosphatas 
estimations are shown in Table 2.1. As standard assay 
conditions were used, no independent check of pH dependence 
and linearity of the assays were made. However, as very 
long incubation times were sometimes used in the measuremer. 
of 5’^ nucleotidase and glucose-6-phosphatase, it seemed 
necessary to check the validity of the assay under these 
conditions. The results presented in Pig. 2.7 are reassuri
-2) PhenoIphthaleln and p-Nitrophenyl Releasing Enzyme's.
Estimations of p-nitrophenyl phosphatase either 
were made manually following the methods of Emnelot and 
Bos (1966a), or by use of the AutoAnalyser manifold shown 
in Pig. 2.8, In this automated method, it was possible, to 
use much higher concentrations of sodium hydroxide to stop 
the reaction than is possible in a manual method, because t 
very short and constant time between the addition of the 
stopping reagent and the measurement of the colour prevents 
variation due to hydrolysis of the substrate or destruction 
of the product by high concentrations of alkali. The use 
of a relatively high concentration of alkali has two 
advantages, a more efficient dissolution of the tissue 
resulting in lower tissue blanks and an increase in 
the absorbenee lof the product
TABLE 2.1
Summary of the Assay Methods for Phosphatase Enzymes
(The concentrations of the various components are those 
present in the final assay medium)
Assay Substrate Buffer Activator
5* nucleotidase 5 mM AMP 0.12 M Tris pH 7.8 5 mM Mg019
5 mM UMP » "
Nucleoside 5 mM ADP M pH 7.2
Biphosphatase 5 mM UBP M
5 nM IBP " »« ir
Nucleoside
Triphosphatase 5 mM ATP n n . n
t; 
If
II If
5 mM UTP---------"
Na/K ATPase
Experimental 5 mM ATP n M if
•mi S'vr: 
mM KOI;.
Control 5 mM ATP Jt ,f 5 mM MgC.‘:. ;
mM KOI
Thiamine
Ityrophosphatase 5 mM TPP 0.12 M Tris pH 8.5 10 mM MgO‘1,
Glucose-6- 5 m  (j_5_p 0>12 M DM(J .pfi 6.4 10 mM EDIA
phosphatase (Ba Salt)
Acid B-glyeerophos-
^•uo+L. 0.1 M B-Gly 0.12 M BMG pH 5.0
phatase P (pH 5)
Alkaline B-glycero
nhosnhatase 0.1 M B-Gly 0.12 M Glycine
phosphatase P (pH 9) pH 9.6
Note The pH of the Tris buffer is quoted as the value 
it would have at 37°, this being the incubation 
temperature used in all these assays.
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Fig. 2.7. Linearity of the assay of A) 5f-nucleotidase and 
B) glucose-6-phosphatase with long incubation times.
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Pig. 2.8. AutoAnalyser manifold for the estimation of enzymes 
releasing p-nitrophenol (colorimetry at 400 nm) or 
phenolphthalein (colorimetry at 520 nm), NaOH - I N  NaOH c 
Other reagents are listed in Table 2.2.
as the absorpitivities of both phenolphthalein and 
p-nitrophenol increase with increasing pH. The concentration, 
of NaOH (IN) used was the highest concentration which did 
not cause significant destruction of phenolphthalein before 
the liquid stream reached the flow cell. When magnesium 
ions were present in the assay mediums the addition of 
0.15M EDTA to the NaOH gave a marked improvement in the 
shape of the peaks (K.A. NOrris, unpublished methods).
Little cross-contamination was found at a sampling rate 
of 30/h T kc rc  GJ*s a linear response to both
phenolphthalein and p-nitrophenol standards (Pig. 2.9a & b). 
Both phenolphthalein and p-nitrophenol standards must be 
introduced in the alkaline form since the acid form of
i c t k  sticks to the Tygon tubing, causing very
severe cross contamination. This problem is especially 
pronounced in the case of phenolphthalein. The dependence 
of each assay on substrate concentration was measured, a 
substrate concentration selected, and the linearity of the 
assay checked (Pigs. 2.9 to 2.11). The assay Conditions are 
summarised in Table 2.2. Unfortunately it was not generally 
possible to use substrate concentrations sufficient to 
saturate the enzyme becaiise of the expense of the substrates, 
Por this reason, substrate solutions must be chrefully 
prepared if the results of different experiments are to 
be compared. The post-nuclear supernatant from rat liver 
homogenates provided the tissue for these preliminary 
experiments.
Most of the assays gave a linear response of extinction 
with tissue concentration. The activity of acid p-nitrpphenyl 
phosphatase was so high that samples had to be diluted
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Pig. 2,9. Standard curves for A) phenolphthalein and B) . 
p-nitrophenol on the AutoAnalyser msnifold shovsn in Pig. 2.8.
Activity of g-glucuronidase (substrate phenolphthalein 
(B-glucuronide) as a function of C) substrate concentration 
(tissue: rat liver post-nuclear fraction, 3.33 mg./ml) and 
D) of tissue concentration (substrate 0.002 M)-. •
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Fig. 2.10. Activity of acid p-nitropbenolpbospbatase as a
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function of A) substrate concentration (tissue: rat liver post- 
nuclear fraction, 0.4 mg/ml) and B) of tissue concentration 
(substrate 0.01 M). Activity of alkaline p-n i t ropb en olob o s PH a t a s 
as a function of C) substrate concentration (tissue: rat liver 
post-nuclear fraction, 2.5 mg/ml) and D) of tissue concentration 
(substrate 0.01 M),
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Pig. 2.11. Activity of p-galactosidase' as a function of
A) substrate concentration (tissue: rat liver post-nuclear 
fraction, 2 mg/ml) and B) of tissue concentration (su'bstrate 
concentration 0.01 M). Activity of acid sulphatase as a 
function of C) substrate concentration (tissue: rat liver post- 
nuclear fraction, 2 rag/ml) and D) of tissue concentration 
(su'bstrate concentration 0.01 U),
before estimation. On the other hand,'no p-glucosidase 
activity could be detected in the livers of our rats. 
Attempts to assay esterase using p-nitrophenyl acetate 
as substrate were frustrated as it stuck to the manifold, 
causing severe cross contamination between samples.
TABLE 2.2
Summary of the Assay Conditions for Phenplphthalein-and- 
p-Nitrophenol-linked Enzymes
(The concentrations given below are those of the solutions 
fed into the appropriate lines of the manifold shown in 
Big. 2.8a)
ASSAY SUBSTRATE BUBBER ACTIVATOR
p-Glucuronidase 2.5mM Phenolphthalein 0.3 M Acetate
|3-glucuronide pH 5.0 + 0.2$
Triton X IOC 
Acid Phosphatase 0.05 M pNP Phosphate M
Alkaline
Phosphatase
Ac id
Phosphodi­
esterase*
Alkaline
phosphodi­
esterase*
* p-G-alactos idase
p-Glucosidase
Acid Sulphatase 
Esterase (l)
0.25 M Tris 
pH 8.8
0.01 M 
MgCl2 oz
0.01 M EDTA
0.01 M bis-pNP 
Phosphate
5 mM pNP 
P-G-alactosidb
5 mM pNP 
p - glucoside
0.01 M pNP sulphate
0.01 M pNP acetate
0.3 M Acetate 
pH 5.0 +
0.2$ Triton 
X. 100
0.25 M Tris 
pH 8.8
0.3 M Acetate 
pH 5.0 +
0.2$ Triton 
r  100
I I
II I
II It
* The linearity of the assays was confirmed by K.A. Norris 
(unpublished experiments).
3) Miscellaneous Enzyme Estimations
a) Succinate dehydrogenase
Succirate dehydrogenase was measured by the Pennington 
assay (Pennington, 1961). To a 0.5 ml aliquot of tissue 
was added 0.25 ml of a 1.5 mg/ml solution of INT 
(2-(p-iodophenyl)-3-(p-nitrophenyl)-5~phenyltetrazolium 
chloride) in 0.5 M phosphate buffer pH 7.4. The reaction 
was started by the addition of 0.25 ml of 0.3 M sodium 
succinate pH 7.4 and after 10 to 20 minutes incubation at 
37°, stopped by the addition of 1.5 ml 6$ trichloracetic ae 
The red formazan was extracted into 4 ml of ethyl acetate 
and the colour measured at 490 nm. Tissue blanks were 
determined by substituting 0.3 M sodium malonate pH 7.4 
for the succinate in the assay medium.
b) Uricase
Uric as e was determined by the method of Beaufay el: al,. 
(1959b). 1 m3, aliquots of the tissue were pipetted into
two silica cuvettes and diluted with 1 ml of 5 mM phosphate 
pH 7.4 containing 0.2$ Triton X 100, The solutions were 
equilibrated at 37° for a few minutes (though early in the 
work, assays were peformed at 20°), then 1 ml of 0.03 M 
phosphate pH 7.4 containing 0.086 mg/ml of sodium urate 
was added to the Experimental1 cuvette and 1 ml of 0*3 M 
phosphate pH 7.4 to the 1 control1 cuvette. The cuvettes 
were put in the sample and reference sides respectively 
of a Unicam SP 800 recording spectrophotometer fitted with
184,,
a constant temperature ‘block maintained at 37°. The decrease 
in absorbtion at 292 nm was followed for at least 5 min.
c) Monoamine oxidase
Measurement of monoamine oxidase activity by following 
the formation of benzaldehyde from benzylamine 
spectrophotometically at 250 nm (Schnaitman et al., 1969) 
gave poor results because of the low activity of the enzyme 
and the high blanks. The method was therefore adapted to 
allow deproteinisation. To 0.6 ml of diluted tissue was 
added 0.3 ml of 0.3 M phosphate pH 7.4 containing 3.75 x 
M benzylamine. A blank lacking benzylamine was also set up. 
After incubation,the reaction was stopped with 1.5 ml 10$ 
perchloric acid containing 0.25$ uranyl acetate and the 
denatured protein spun off. 1.5 ml of the supernatant was 
diluted with an equal volume of water and the extinction at 
250 nm measured. The addition of acid made no difference tc 
the absorbtion of the benzaldehyde formed in the reaction,
The linearity of the reaction with time and tissue 
concentration was examined and seemed satisfactory 
(Fig. 2.12). However, the use of uranyl acetate to stop 
the reaction resulted in very high blanks, and very careful, 
pipetting of the deproteinising reagents was necessary if 
reproducible results were to be obtained. This, combined 
with the low activity of the enzyme, and the necessity of 
using short incubations, severely limited the usefulness 
of the method.
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Fig. 2.12. Assay of monoamine oxidase. A) results plotted 
against time, the sample contains -f- f- 5 mg liver, O 010 mg ;
liver, 15 mg liver. B) Results plotted against tissue *
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concentration, incubation time i    *f 10 min, 0 O 20 min* !
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Removal of Traces of Ribonuclease from Sucrose
Traces of rfbonuclease were removed from sucrose solutions\
By stirring with Horit A activated charcoal ( 25 g A g  sucrose) 
for about 30 rain. The charcoal was then removed by filtration, 
two passes usually being required before a clear solution was 
obtained.
TISSUE PREPARATION
Rat liver and hepatoma were the tissues used. After 
killing the animal by cervical dislocation, the tissue was 
extracted rapidly and put into ice-cold sucrose. Tumours 
were excised complete with their capsule. On occasions,
.the livers were perfused with warm (37°) 0.25 M sucrose 
buffered with 5 mM NaHCO^ (pH 7.8). The needle was inserted 
in the aorta after slashing the i: ferior vena cava 
just above the diaphragm.
After cooling,the tissue was blotted and weighed.
It was then minced with scissors and homogenised, normally 
with a Potter-Elvehjem homogeniser. As the exact conditions 
for homogenisation varied in different experiments a 
detailed description will be left to the appropriate 
chapter of the "Results'* section. A summary of the 
standardised conditions for the separation of plasma membrar 
and subribosomal particles is also given there. After
homogenisation, the tissue was filtered through a co.arse 
sieve. The residue left on the sieve was mainly connective 
tissue, in the case of the tumour deriving from the 
capsule. The actual weight of hepatoma tissue was 
calculated by subtracting the weight of the capsule left
i
behind on the sieve from the total weight of the tumour.
LI&HT MICROSCOPY
Small drops of tissue suspensions were examined under 
phase contrast illumination in a photomicroscope (Carl 
Zeiss, OberkuehenA&rtis). Photographs were taken on 35 mm 
Ilford Pan P film using the automatic camera built into 
the microscope. Objectives giving enlargements of 16 and
40 diameters were used. Optivar magnifications of 
1.25, 1*6 and 2, and camera magnifications of 3.2 and 6*4 
diameters were available. It was necessary to check the 
alignment of the phase optics frequently, if the quality 
of the photographs was to be consistently good. Enlargemeir 
were made onto Kodak Bromide paper.
CENTRIFUGATION IN ZONAL ROTORS
Basically the operations involved in centrifugation 
in zonal rotors are the same as those involved in 
centrifugation in conventional swing-out rotors. However, 
the very large volume of zonal rotors compared with 
swing-out tubes and the fact that all fluids must be 
pumped through a rotating seal necessitate certain 
modifications. The sequence of operations in an experiment 
using a zonal rotor is shown in Fig. 2.13 and the different 
stages will be discussed below in turn.
As an investigation of the potentialities of zonal 
rotors for various types of separation and the means for 
their realisation was one of the main aims of this study, 
the design of conditions for the separation of each group 
of particles will be discussed later. Obviously, the 
choice of rotor is the first consideration. For an 
isopycnic centrifugation the fastest rotor available will 
be the one of choice, for it will minimise the time to 
achieve banding. However, most of the studies described 
in this thesis were rate-zonal centrifugations and, as 
mentioned earlier, the choice of rotor will now vary 
with the particle to be separated. A list of rotors with
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Pig. 2.13. Plow chart of an analytical experiment with a 
zonal rotor.
their characteristics has been given in Table 1.4, In 
these experiments an A-XII rotor was used in experiments 
on the nuclear fraction, an HS rotor for the trial 
experiment on the ‘large particulate1 fraction and 
B-IV, B-XV and B-XIV rotors for experiments on the 
microsomal material*
The preparation of a zonal rotor for an experiment 
is really more a matter for the handbook than for a thesis. 
Two points are, however, of special importance. The 
heart of a zonal rotor is the metal/Rulon rotating seal 
through which all the solutions must pass (see Pig. 2.14), 
If either element is scratched, the liquid will either 
leak between the t;vo channels of the seal, or leak to the 
outside. Both elements should therefore be inspected 
before each run and the surfaces polished if necessary. 
Another vital part is the ball-race of the moving part of 
the seal. This is very vulnerable to small leakages 
of the gradient material which crystallises in the seal 
and may completely jam it. It should, therefore, be cleaned 
and repacked with grease at frequent intervals.
Pew rules can be made concerning the preparation of 
the sample. The methods employed will differ with the 
type of experiment. The methods used in this study are 
described in the Results section. The main consideration 
directly imposed by the method of separation is the need no 
to overload the gradient. Normally this will mean simply 
that the overall density of the sample must be slightly 
lower than the density at the lightest point of the
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Fig. 3.14. Cut-away view of an M.3.E. B type zonal rotor, 
showing line connections (courtesy of M.S.E. Ltd.),
gradient. The more subtle considerations imposed by 
this requirement are considered in the chapter on ’’The 
Theoiy of Centrifugation’*.
a) Preparation of the Gradients
Sucrose gradients were used in all the experiments 
with zonal rotors described in this thesis. Three types 
of gradient-maker were employed, one commercial, the 
others fhome made*.
i) Beckman gradient-maker
In early experiments, which were performed at the 
Chester Beatty Hesearch Institute, a Beckman Zonal 
Gradient Maker was used. In this machine, the proportions 
in which a dense and a light solution were mixed was 
governed by the shajpe of a copper template * This could 
be altered or replaced if necessary, and any shape of 
gradient could be produced. A wide variety of gradient 
shapes were in fact employed in the original studies.
ii) The ^Exponential* gradient-maker
The gradient maker used in most of these experiments 
was a simple design similar to that of Birnie and Harvey 
(1968). The set-up is shown in Pig. 2.15a. The denser 
gradient solution is fed from the reservoir into a closed 
mixing vessel equipped with a magnetic stirrer, which 
contains the lighter liquid. The gradient is extracted 
from this vessel by a piston pump and is fed to the zonal 
rotor. As the mixing vessel is air-tight, the volume of 
liquid in it remains constant at constant pressure and 
therefore liquid flows in from the reservoir at the same 
rate as that at which the gradient is extracted, it can
be shown that if D is the initial density of the liquid
0
in the mixing vessel and Vq is its volume, and if a liquid 
of density D ^  is added from the mixing vessel then 
when a volume of gradient has been formed the density
of the liquid in the mixing vessel is given by
Dt = D0 + (Dadd - Do> - e 7 V°) (1)
The shape of the curve given by this equation is 
shown in Fig. 2.15b. It will be noticed that the density 
is dependent not on the actual volume of the gradient
produced, but on the ratio of this volume to the volume
in the mixing vessel. Thus, by varying the latter, the 
shape of the gradient can be varied to some degree. If 
more complicated gradients are required, they may be built 
up * by sequential addition of several solutions to the 
mixing vessel. This produces a series of superimposed 
curves, examples of which may be seen in the gradients 
used for the separation of plasma membrane fragments.
The main source of error with this type of gradient 
maker is the initial surge of liquid which occdrs if the 
reservoir is positioned above the mixing vessel* This 
arrangement is, however, by far the most convenient* In 
these experiments the initial surge did not disturb any 
vital regions of the gradient and was, therefore, tolerated 
Inefficient stirring will also cause errors. Anderson and 
Rutenburg (1967) found that, in their particular apparatus, 
a magnetic stirrer was not efficient enough to mix the 
large volumes of liquid moving through the vessel. This ha
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Fig, 2.15, A) Diagram of the 1 exponentialT gradient maker, 
Performance of fhe gradient maker. The crosses mark points 
on an experimental gradient, the continuous line gives the 
theoretical shape.
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not been our experience providing that the mixing vessel
the close agreement between the theoretical and actual 
performance of the gradient maker.
iii) 1Double Pump* Gradient Maker
With the gradient maker described in the previous 
paragraph, the rate of flow into °.nd out of the mixing 
vessel is constant. If instead an open mixing vessel is 
used and liquid,instead of flowing passively into the 
mixing vessel, is pumped in at a constant rate, a much 
greater flexibility is achieved in the shape of the gradient 
which can be produced. The design of a gradient maker 
working on this principle is shown in Dig. 2.16a. The 
shape of the curve produced by the gradient maker depends 
on the ratio r between the rate at which liquid is 
pumped into the mixing vessel and the rate with which it 
is extracted. The shape may be predicted mathematically 
and the equation relating D^, the density of liquid being 
pumped out at time t, to the volume of gradient produced 
by that time is
where D^ and are the initial density and volume of the 
liquid in the mixing vessel and DQdd is the density of 
the liquid added from the reservoir. The derivation of 
this equation is given in Appendix I.
is not more than half filled with liquid* Pig.2.15b shows
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Fig. 2.16. A) Diagram of the !double-pump* gradient maker.
B) Performance of the gradient maker at different ratios (r) 
of the inflow to and the outflow from the mixing chamber. The 
points are values obtained by experiment, the curves are those 
predicted theoretically.
Equation .2 may be simplified by defining new 
variables
v - Tt / V0 and d = (Dt - DQ) / (Dadd - 3>0) 
when the equation may be re-written as
d = l -  ( l + ( r - l ) v )  ~r/:l:"1 (3)
where the other symbols have the same meaning as in 
equation-2; The variation of the shape of the curve of 
d against v with differing values of r is shown in Fig.2.16b. 
The curves for values of r less than 1 terminate since 
the vessel will run dry. However, mixing and extraction 
problems will have commenced long before then. The curves 
have therefore been terminated at the point when the 
volume in the mixing vessel has fallen to one tenth of its 
original value. The gradient maker seems to perform well 
in practice. Fig. 2.3.6b shows the results of a series of 
trials at different values of r, compared with the theoretical 
curves.
A ’double headed1 pump, such as the DCL Micropump 
Series II which we used, is really essential for this 
gradient maker. If there is no coupling between the two 
pump hbads, hn enormous number of additional problems, such 
as variation in the speeds of the motors, are introduced. 
These may alter the relative pumping rates and so change 
the shape of the gradients, The gradient shape is not? 
however, affected by an absolute change in both pumping 
rates which does not alter their ratio. The relation 
between the settings on the pump heads and the flow rates
should he checked. We did not find strict proportionality 
between the stroke of the piston and the flow rate, 
probably due to poor seating of the valves. This can be 
improved by ensuring that there is a good seating of the 
valves in the pump by providing a high.babk" pressure in 
the flow lines. In the outflow from the mixing chamber 
this is produced by the zonal rotor itself, but it must be 
induced in the other line by a spring-loaded valve.
b) Loading and Displacement of the Gradient
The density gradient coming from any of these gradient 
machines is fed, light end first, to the outside of the 
zonal rotor, the air in the rotor being displaced through 
the centre of the rotor. In order to check the shape 
of the gradient, we monitored the refractive index of the 
inflowing gradient by use of a Hilger and Watts recording 
refractometer (Laboratory Model M 550), fitted with a 
flow cell (M 566) which gave full scale deflection when 
the difference between the inflowing liquid and the 
reference solution was 0.1. Thanks to the refractometer, 
errors in the gradient could be detected, and often 
rectified before the experiment was ruined* As all •types 
of pump tend to heat the liquid passing through them, we 
cooled the gradient to 4° just before it entered the rotor. 
Its temperature after cooling was checked by use of h 
thermocouple embedded in the flow line. The bearing of 
the rotating seal was cooled by a separate stream of 
ice-cold water. A diagram of the arrangements for loading 
is shown in Pig. 2.17a.
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Pig. 2.17. A) Diagrammatic representation of the loading of 
J gradient on to a zonal rotor. B) Diagrammatic view of the 
loading of a sample on to a zonal rotor.
When the gradient had been loaded,. the- 
remaining space in the rotor was completely filled with 
’cushion*, - a dense solution whose function is to prevent 
any particles sedimenting to the wall of the rotor? where 
they would interfere with the subsequent displacement of 
the gradient. The cushion is loaded in the same way as. 
the gradient* .Once the rotor is completely filled, the 
flow lines can be champed and xhe rotor left spinning until 
the sample is ready to load. However, as the bowl of the 
centrifuge must be cooled during loading of the gradient, 
in spite of the manufacturer’s recommendation to the 
contrary, the lid of the centrifuge should be closed if 
the rotor is to be left any length of time at this point.
If loading is carried out, as recommended, with an uncooled 
bowl the gradient temperature may rise by up to 10°.
The sample is loaded through the centre line, the 
’cushion1 being displaced from the edge of the rotor. On 
the low-speed A-XII and HS rotors,an ordinary syringe could 
be used, but the back pressure of a B-XV rotor is so high 
that a mechanical syririge (Braun Perfusor, Braun GMBH, 
Melsungen GPR), giving a flow rate of 10 ml/min, was used.
The B-XIV rotor could normally be loaded manually, but 
if it was ’in a bad temper1, or more scientifically, if 
the seal surfaces were not perfectly smooth, or if the 
bearing was running roughly, the mechanical syringe had 
to be used. The important point is that the sample should 
be injected smoothly. If not, the pulses will part the 
two elements of the seal, causing the sample to short-circuit
the rotor and escape down the edge line* A cross-leak 
such as this, once developed, will not ’just go away’, 
but may be cured by removing the seal, cleaning both parts 
of the seal with a damp tissue, moistening them with 
distilled water And re-assembling. After the sample has 
been loaded, a light liquid, the overlay, is added to 
displace the sample away from the core of the rotor, whose 
complicated geometry would cause the sedimenting bands to 
have anomalous shapes. The arrangements for loading the 
sample are shown in Pig. 2.17b.
When the sample and overlay have been loaded, the seal 
is removed from those rotors (the HS,B-XIV and B-XV) in 
which it is detachable. The lid of the centrifuge is 
closed, the vacuum pump of the 'Superspeed1 centrifuge, 
in which the B-XIV and B-XV rotors run, is activated and 
the rotor is accelerated to its operating speed. The 
acceleration of the rotors with fixed seals, the A-XII and 
B-IV rotors, is more complicated, because the seals must 
never run dry and the rotors expand during acceleration. 
Accordingly, before acdderation, the lead to the outside 
of the rotor is clamped, but the lead to the centre of the 
rotor is attached to a reservoir of the ’overlay4. This is 
drawn into the rotor during acceleration and displaced 
again during deceleration.
During centrifugation movement of particles in the 
A-XII and HS rotors can be observed visually, for these 
rotors are made mainly of Perspex. Separations in the B 
series of rotors can be observed only on displacement of
the gradient. Once a separation is judged complete, the 
rotor is decelerated and the seal, if previously removed, 
is replaced after carefully wiping both surfaces with 
damp tissue in order to remove any crystallised sucrose, 
and wetting the moving surface to ensure smooth urerning.
The gradient is displaced by pumping a solution as 
dense or denser than the cushion to the outside of the 
rotor, displacing the original contents, light end first- 
through the centre. The temperature of the displaced liquk 
is measured by a thermocouple in the flow line, the 
refractive index by the flow refractometer already 
mentioned and the optical density by either a Unicam SP 800 
recording spectrophotometer or by a Unicam SP 500 Mk 2 
spectrophotometer connected to a Rikadenki logarithmic 
converter and recorder. The wavelength at which the 
gradients were monitored depended on the material being 
separated. Ribonucleoprotein particles were monitored 
at 260 nm, microsomes at 280 nm, while the large amounts 
of material loaded on the A-XII rotor meant that measuremen 
of light scattering at 660 nm gave the most satisfactory 
results. Finally, fractions were collected, normally 
using a siphon and fraction collector, but sometimes 
manually. The arrangements are shown diagrammatic ally in 
Fig. 2.18a.
Usually the gradient was displaced with a piston 
pump, and at flow rates of up to 3 l/h. The chief danger? 
as with the loading of the sample, is that of cross-leakage 
of the solution being pumped into the rotor. As in the
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Pig. 2.18. A) Diagrammatic representation of the displacement 
o:f> ® gradient from a zonal rotor. 3) Diagram of the pumping 
arrangement used in the displacement of a gradient from a B-XV
zonal rotor.
former case, this danger is especially grave if the liquid 
stream entering the rotor is pulsating. The thin flexible 
tubing which we used gave enough pulse suppression for 
most rotors. The problem of cross-leakage was especially 
acute with the large B-XV rotor, but excellent displacement 
rates could be obtained by use of a peristaltic pump 
fitted with two identical ^echnicon1 pump tubes, one of 
which pumped the displacing liquid into the rotor while 
the other pumped the displaced gradient away at an 
identicaD. rate, (Pig, 2.18b). (M. Dobrota, unpublished 
methods).
EXAMINATION OP HE BONUCLEOPROTEIN PARTICLES
1. Concentration
As the ribonucleoprotein particles examined in this 
study were recovered in extremely dilute solution and 
were too small to pellet readily, some method of 
concentration had to be found before further study of the 
particles was possible. Three methods were used to 
concentrate the particles sufficiently to enable extraction 
of the RNA, but only the last method yields intact particle.
i) Initially the method of Kedes,Koegel and ICuff 
(1966) was employed. It was found that, although the method 
was originally described as a method of concentrating 
the protein portion of the particles that it was equally 
effective for the RNA moiety.
Approximately 6 g of DEAE-cellulose were added to 
the pooled fractions containing the particles (about 25 mg
of RNP was present) and the slurry was left overnight, at 4 
The next day the cellulose was spun down, packed into a 
column and eluted with 8 M urea containing 2 M lithium 
chloride. The effluent was collected in 3 ml fractions, 
which were monitored at 26c nm. Protein and RNA were elut 
together in a narrow hand running with the solvent front. 
The tubes containing the RNA were pooled and dialysed 
briefly against distilled water in order to remove some 
of the lithium chloride/urea, which would otherwise 
interfere with the subsequent phenol extraction. This 
method did not prove very satisfactory and was extremely 
laborious. It was discontinued when the second method, 
described below, was found in the literature.
ii) for much of the work described in this thesis, RNP 
particles were concentrated by the method developed by 
Hastings and his colleagues (1965) for concentrating dilut 
solutions of RNA.
Concentration of the ribonucleoprotein particles is 
achieved by adding sufficient 66$ sodium acetate pH 6,5 
to the fraction to give a final concentration of 10$.
Yery cold acetone (-10° approx.) is added until a small 
dense phase begins to form. The exact volume of acetone 
required depends, among other things, on the sucrose 
concentration in the sample and must be found each time 
by trial and error. The aim is to obtain a very small 
oily layer on the bottom of the flask. The addition of 
excess acetone causes a very large increase in the amount 
of the dense phase, but this may be reduced again by the
addition of distilled water. Several alternate additions 
of acetone and water are sometimes necessary to get a 
small enough dense layer. When this has been achieved, 
the mixture is left overnight, when the ribonucleoprotein 
precipitates into the dense phase, from which it may be 
recovered by low 3peed centrifugation. The precipitate is 
readily soluble in water.
The obvious risk with this procedure is that the ENA 
will be degraded by ribonucleases present in the sample.
In order to test this possibility, a preparation of polysome 
was divided into two parts, one of which was extracted 
immediately with phenol while the other was diluted with 
distilled water and re-concentrated by the procedure 
described above before phenol extraction. Comparison 
of the. two preparations of ENA by gel electrophoresis gave 
no indication of any breakdown of the RNA during concentrat 
(Pig. 2.19).
iii) late in these studies, a 'Biaflo1 ultrafiltration 
apparatus was acquired and the particles were concentrated 
by filtration through a PM 30 membrane, fDiaflo'* 
membranes differ from other types of membrane filter in 
that exclusion takes place almost (entirely &t the1 surfaov 
of the membrane. Particles which penetrate this layer 
are rapidly eluted. These membranes are therefore 
non-clogging and the excluded compounds are retained in 
solution above the membrane. Thus a high flow rate can 
be achieved, together with retention of very small particle 
The membrane mentioned above retains proteins with a
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Fig. 2.19. Effect of concentration of ribosomes using the
procedure of Hastings et al. (1963) on the size of the RNA.
14 ”
The rat used was injected with 6- C orotic acid 3 h before 
killing. Ribosomes were prepared and split into two aliquots. 
A) The ribosomes were diluted with water, and re-concentrated 
as described in the text before extracting the RNA. B) The 
RNA was extracted immediately.
The RNA was examined by agar-gel electrophoresis, and 
the radioactivity measured by autoradiography as described in 
the text
E260 nm 550 nm (r adi o ac t i vity)
molecular weight of greater than 30,000, and gave a flow 
rate of 5 ml/min. when used to concentrate the suspensions 
of light particles in sucrose recovered from the zonal 
centrifuge. These fractions were ;} normally diluted
with 2 or 3 volumes of water before passing through the 
filter in order to reduce the sucrose concentration in the 
final particle suspension. When light particles were 
concentrated by thib method, the microsomes banded at the 
end of the gradient were recovered by dilution and 
centrifugation for 90 min. at 40,000 rpm in the 8 x 25 rotor 
of an MSB Superspeed 50 ultracentrifuge.
20 Further Fractionation of Ribonucleoprotein Particles
i) Re-Centrifugation on Sucrose Gradients
The homogeneity of ribcnucleoprotein fractions 
separated by the zonal centrifuge was examined by a further 
rate sedimentation, this time on sucrose gradients in a 
3 x 23 ml swing-out rotor. The gradients were formed by 
first pipetting 2 ml of 2 M sucrose to act as a cushion and 
then overlaying this with a 16 ml linear gradient ranging 
from 0.5 M to 1.0 M sucrose. Three gradients were normally 
prepared in parallel by use of an M.S.E. gradient former0 
All the gradient solutions contained 1 mM MgClgand were 
buffered with 5 mM Tris pH 7.2. Samples for analysis on 
these gradients were obtained by pooling fractions from the 
zonal centrifuge which were thought to contain a particular 
particle, diluting out the sucrose with water, and 
re-concentrating the particles by use of a RS 30 Diaflo
membrane filter as described earlier. Aliquots of between 
0.25 and 0.5 ml of these concentrates were layered on the 
gradients and centrifuged for between 2 and 5 hours at 
30,000 rpm in an M.S.E. Superspeed centrifuge.
After centrifugation, the gradients were fractionated 
by the apparatus shown in Fig.2.20 (l>. Lowe, unpublished 
methods). A perspex cap was pushed on to the tubes, and 
2 M sucrose pumped through a long needle to the bottom of 
the tube. The gradient was displaced upwards, through the 
cap, and through a Helima flow cell (light path 10 mm, 
volume 0.15 ml) in a Unicam SP 800 recording spectrophotometer, 
set to monitor at 260 nm. Fractions were collected over 
30 second intervals, giving a volume of 0*6 ml per fraction.
If the RNA of the particles was labelled, 0.5 ml aliquots 
of the fractions were pipetted into scintilj-ation vials and 
diluted with 1.5 ml of water. 10 ml of a dioxane-based 
scintillant was added and the vials were counted in a 
Packard 3003 scintillation counter. The addition of the 
water is necessary to prevent the sucrose in the samples 
crystallising in the vial.
ii) Density Equilibrium Centrifugation
Ribonucleoprotein particles can be fractionated 
according to their density, as well as by their sedimentation 
rate. The density of the particles is, however, so high, 
that, in general, only gradients of heavy metal salts, 
such as caesium chloride, can be used, and the high ionic 
strength of these solutions dissociates RNA and protein
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Fig. 2.20. Diagrammatic representation of the apparatus 
used to recover and monitor small-tube gradients.
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(Spirin et alM  1965). This dissociation may, however, he 
prevented by fixation of the particles with formaldehyde.
As Tris reacts with formaldehyde, the original zonal gradle 
must be buffered with 5 mM triethanolamine at pH 7.8, 
instead of with Tris. The particles from each region are 
concentrated by diafiltration and then fixed overnight at 
0° by the addition of a quarter volume of 28$ formaldehyde 
containing 0.1 M triethanolamine pH 7.8,5 mM MgCl2 and 0.25 
M KC1 (Perry and Kelley, 1966). After fixation, excess 
formaldehyde is removed by dialysis in the cold against 
0.02 M triethanolamine containing 1 mM MgCl^ and 0.05 M KOI 
The suspension of fixed particles could then be frozen at 
-25° for short periods before analysis.
a) Casesium Chloride Gradient Centrifugation in Angle
Head Rotors “
Experiments were carried out to test whether it was 
possible to carry out equilibrium banding of ribonucleoprot 
particles on caesium chloride gradients in a 10 x 10 ml 
angle head rotor of the M.S.E. superspeed 50 centrifuge*
If this were possible, it would have the advantages both 
of allowing the analysis of many more samples at one time, 
and of permitting shorter centrifugation times.
A gradient can be formed in an angle head rotor simply 
by layering solutions corresponding to the extremes of the 
desired gradient on top of each other. A smooth gradient 
is formed by the mixing which occurs during the accelerati) 
of the rotor to its operating speed of 48,000 rpm (Eigc 2.2 
It has been shown (Plamm et al., 1969) that the gradient,
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Pig. 2.21. Flattening of CsCl gradients in the tubes of a 
22 £ 12 2il angle head rotor. A) rotor accelerated to 47,000 
revs/kin. and immediately decelarated. B)Rotor accelerated 
to 47,000 revs/fain, maintained at this speed for 7 h and 
then decelarated.
  ia ttio-t c^raotienfc. -------*  | r a^ieftt  recovered.
once formed, reorients quite satisfactorily during 
deceleration of the rotor. Displacement and monitoring of 
the gradient were carried out in the same way as with 
sucrose gradients. Fractions were collected into glass tube 
containing lOpl of 0.1$ glycerin in order to prevent the 
particles sticking to the walls of the tube. The density 
of the recovered fractions was estimated from their refract! 
index.
Unfortunately it became apparent, after several 
experiments, that angle head rotors are not suitable for the 
banding of ribonucleoprotein particles. Because of the very 
small distance between the 1 top* and the bottom1 of the 
gradient during centrifugation, and because of the low 
viscosity of caesium chloride solutions, the gradients 
rapidly became flattened by diffusion (Fig. 2.21B). 
Accordingly, a gradient covering the density range (1.35 to 
1.7) which is required to band all the cytoplasmic 
ribonucleoprotein particles, cannot be maintained for eight 
hours, the time needed for the particles to reach their 
equilibrium positions.
b) Equilibrium Banding on Urografin Gradients
An attempt was made to fractionate subribosomal 
particles on gradients prepared from the X-ray contrast 
medium Urografin (Methyl-glucamine salt of umbradilic acid). 
As the ionic strength of Urografin solutions is much less 
than that of caesium chloride solutions, prior fixation of 
the particles did not seem to be necessary. The methods
used to prepare and fractionate the Urografin gradients wers 
the same as those employed for caesium chloride gradients9 
except that the high absorbance of Urografin in the 
ultraviolet prevents spectrophotometric monitoring of the 
gradients. The reltionship between the concentration, 
density and refractive index of Urografin solutions was 
established by experiment (pig. 2.22), and the density 
of fractions recovered from the gradients was thereafter 
estimated from their refractive index. The high viscosity of 
Urografin solutions mean that density equilibrium was only 
obtained after very prolonged centrifugation. The Urografin 
gradients were normally buffered with 5 mM Tris pH 7*2, and 
contained 1 mM Mg01o. Some.care had to be taken when the
c.
concentrated buffer and magnesium chloride solutions were 
added to the Urografin, as the latter tended to precipitate 
if left in contact with solution of high ionic strength.
3. EXTRACTION OF RNA
The particle concentrates were made up to a volume of 
between 15 and 20 ml if necessary, and put into glass- 
stoppered flasks. A slurry of Macaloid was added to give 
a final concentration of 1 mg/ml. Sodium dodecylsulphate 
was added to a final concentration of 1$ and the flask 
shaken briefly. An equal volume of phenol (equilibrated ab 
4° with 0.01 M Tris pH 7.6 containing 1$ sodium dodecylsalv.us' 
and preserved with 0.1$ 8-hydroxyquinoline) was added and 
the mixture shaken for 30 min. at 4°. The layers were 
separated by a brief low-speed centrifugation and the 
aqueous layer which contains the extracted RNA was removed 
very carefully to avoid disturbing the denatured protein
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Pig. 2.22. Properties of Urografin solutions. A) Density 
as a function of concentration. B) Refractive index as 
a function of density.
on tlae interface between the two phases. The phenol phase 
and the interfacial layer were discarded. The aqueous 
layer was re-extracted three tines with an equal volume a£ 
phenol, Macaloid being added to the solution before each 
extraction. When very large amounts of protein were present, 
as with the control microsomes,low^-speed centrifugation 
did not separate the phases. Separation could usually be 
achieved by spinning the solution at 18,000 rpm for 10 
minutes in an M.S.E. High Speed 18 centrifuge. The aqueous 
layer recovered after this spin was normally cloudy but 
became clear after the second extraction.
RNA was precipitated from the aqueous layer left after 
the fourth extraction by the addition of about 3 volumes 
of absolute ethanol. In order to obtain complete 
precipitation of the RNA the solutions were left overnight 
at -10°. If necessary, about 30 absorbance units of transfer. 
RNA were added to act as a carrier. Acid-soluble nucleotide:, 
which may adhere to the RNA throughout the extraction,were 
removed by redissolving the RNA precipitate in 0.05 M IVaOI 
and passing the solution through a column of Gr-25 Sephadsx 
kept at 4° (Tsanev et al., 1966), from which RNA is complete! 
excluded. The Sephadex was sterilised by autoclaving before 
use to avoid degradation of the RNA by bacterial ribonuclease 
After elution from the column, the RNA was reprecipitated 
with alcohol. It could be stored in this form at 4° for 
some considerable time.
4. Examination of RNA
a) Examination for Nucleotide Contamination
Though nucleotides were removed from phenol-extracted 
RNA by Sephadex gel filtration, there was a distincu 
possibility that rapidly labelled rRNAr found by alkali 
extraction was due to the presence of small amounts of highly 
labelled nucleotides. In order to check this possibility-, 
tissue fractions, precipitated and washed with 0,2 N PCA in 
the normal way, were extracted with 0,3 N KOH for 16 hours 
at 37°. Under these conditions, RNA is converted completely 
to 2r and 3' nucleotides. The extract was neutralised with 
perchloric acid and the potassium perchlorate allowed to 
crystallise out overnight at 4°. The extract was then 
concentrated by freeze drying. The concentrate was examined 
by descending chromatography on Whatman’s No. 1 or 3 MM 
paper, using 5 : 3 s 1 ethanol; 2$ w/v boric acid; ammonia 
(d t= 0.9) as solvent (Straus and Goldwasser, 1961). This 
system separates the RNA hydrolysis products from any 
5’-nucleotides which might have been present in the original, 
extract.
b ) Electrophoresis of RNA
Electrophoresis in agar gels was performed according 
to Tsanev (1965), but using Tris-HCl rather than phosphate 
buffers. The dried agar films were scanned at 260 nm by 
use of an Unicam SP800 fitted with a special attachment 
constructed in this laboratory. Radioautograms were prepared 
following the method of Tsanev and his colleagues (1966)? and
scanned at 500 nm using the same apparatus as was used for 
the films. The ’S ’ values of the RNA were estimated by 
comparison with electrophoretograms of liver microsomal 
RNA run in parallel (Hadjiolov et al., 1966).
c) Base Rates Determination
Purified RNA was hydrolysed with 0.3 N KOH for 16 hours 
at 37°f the extract neutralised with HC10^,and the 
precipitated KCIO^ spun off. The four bases were separated 
by column chromatography (Katz and Comb 1963)- When the 
base ratio of RNA labelled with “^ P-phosphate was being 
determined, all the eluate containing a particular base was 
dried* on to a planchette and counted in a Beckmann Lowbeta 
II counter with a thin end window.
BATA PROCESSING
During the course of these studies, computer programs 
were developed to do most of the routine calculations, such 
as the fitting of standard curves, the conversion of 
refractive index to density and the correction of enzyme 
activities for sucrose inhibition. The same programs also 
calculated enzyme recoveries and the purification of enzymes 
with respect to a reference fraction, normally the whole 
homogenate. In addition, a number of programs were developed 
to perform specialised tasks, such as calculating sedimentati 
coefficients, calculating the capacity of gradients or 
fitting regression lines to sucrose inhibition curves.
Besides these programs, which all employed standard
2 1 8 .
mathematical procedures in situations where they are known 
to he applicable, a certain amount of work was carried out- 
on the development of mathematical techniques for 
assessing the distribution of some activity among a set 
of incompletely resolved particles. The mathematical 
techniques employed are outlined in Appendix II. A brief 
description of the computing procedures and programs 
used in this study is given in Appendix IV.
RESULTS
1/ Sucrose Interference in Assays
As almost all the separations performed in these 
studies were carried out using sucrose gradients, the effect 
of sucrose on the assays performed was studied in some 
detail. Numerous effects were found, but all could be 
classified under three h e a d i n g s a )  Interference due 
to the presence of impurities in the sucrose, b) Interferon 
in AutoAnalyser methods due to the high density and viscosity 
of concentrated sucrose solutions, c) Interference in the
assay of enzymes and protein due probably to sucrose itself* 
These three classes of interference will now be disoassed.
a) Impurities in the Sucrose
The sucrose used in most of the experi&tmts described 
in this thesis was TMineral Water Sugar1 purchased in 
hundredweight bags from Tate and Lyle. In initial experiment 
BDH fAnalaRf grade sucrose was used, but there was so 
little difference between this and the ‘Mineral Water Sugar5 
that it was not worth paying the high price of the 
analytical reagent.
The only enzymic contamination detected in either 
grade of sucrose was ribonuclease, which was present in 
equal amounts in either grade (M. Burge; personal 
communication). This could be removed by treatment of the 
sucrose solutions with Rorit A (activated charcoal) as 
described in the Methods Section.
Sucrose from either source was contaminated with 
material which absorbed in the ultraviolet (Big. 3.1).
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Pig. 3.1. A) Spectrum of a 2 M solution of AnalaR sucrose. 
®) Spectra of a 2 M solution of fMineral Water1 sucrose
■before (--------) and after (--------) treatment with
Norit A activated charcoal.
Prom its spectrum, this material would seem to consist 
mainly of proteins or peptides, it is largely removed hy 
treatment with Norit A to leave a small residue of material 
with an absorption spectrum typical of nucleic acids 
(Fig. 3.IB).
Sucrose contaminants were likely to interfere-with 
only three of the chemical estimations used in this study, 
via the estimation of the inorganic phosphate released 
by phosphatase enzymes, the estimation of proteins by the 
Lowry method and the estimation of ferritin from the amount 
of loosely bound iron. Significant amounts of material 
which reacted like inorganic phosphate were found in both 
AnalaR and Mineral Water sucrose (Table 3.1).
TABLE 3.1
Chemical Contaminants of the Different Grades of Sucrose.
Source of Phosphate . Protein Iron
3~1
Sucrose ji Mole/ml $(P0^ ; j* g/ml $ p g/ml $(Pe)
BDH AnalaR
Grade 0.057 
Tate and 
Lyle
mineral
Water
Sugar* 0.040 
Tate and 
Lyle 
treated 
with
Norit A 0.040
0.0008 30.3 0.0044
0.00055 41.6 0.0061 <0.5 <0.00007
0.00055 22.0 0.0032
As this material is not removed by activated charcoal, 
and as the colour produced in the phosphate estimation is 
proportional to the concentration of sucrose (Fig. 3«2A) 
it is likely that contaminating inorganic phosphate is 
responsible for the reaction.
A considerable amount of material which reacts like 
protein with the Lowry reagents is also present in both 
AnalaR and Mineral Water sucrose (Table 3.1). Again the 
colour produced in the fprotein* estimation is proportionrO 
to the concentration of sucrose (Fig. 3«2B), but it is 
unlikely that all the material responsible for the 
interference is protein, as treatment with Norit A, which 
removes all the material adsorbing at 230 nm, only removes 
half of the material reacting with the Lowry reagents 
(Table 3ol).
The amount of inorganic iron present in the sucrose 
was below the detection limit of the assay used (Table 311)
b) Interference with AutoAnalyser Methods
While the presence of high concentrations of sucrose 
does not seem to affect the pumping rate with AutoAnalyser 
tubes, it does interfere with estimations in other ways.
The turbidity produced when two liquids of different 
densities are mixed can give readings on the colorimeter. 
This reading will depend on the distance between the poin 
of mixing and the colorimeter and on the wavelength at whio 
the measurements are taken* in fact, interference from thi 
source was only found in the * enzyme1 manifold, where sodiu
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Pig, 3. 2* Ex tinc tions produced "by & sample containincr sucrose 
in the stated concentration in tiig AutoAnal.vser manifolds 
which measure A) phosphate, B) protein (high sensitivity, C) 
p-nitrophenol-releasing enzymes. Cross-contamination in the 
protein manifold (low sensitivity as a function of D) the 
extinction produced "by the sample and E) the concentration of 
sucrose in the sample, F and Q similar results for the 'enzyme* 
manifold. Measurements made during an estimation o£ acid 
phosphatase
hydroxide is added to stop the reaction shortly before the 
liquid stream enters the flow cell. As light scattering 
is inversely proportional to the fourth powers of the 
wavelength, this effect is much more pronounced at 400 nm9 
the wavelength at which p-nitrophenol is measured than at 
547 nm, the absorption peak of phenolphthalein. At 400 rm? 
light scattering produces an extinction which is proportions 
to the concentration of sucrose in the sample (Fig. 3.2C),.
Sucrose can also affect cross-contamination between 
samples* This was measured by passing the sequencer- 
blank, sample 1, sample 2, blank through the AutoAnalyser 
where sample 1 and sample 2 are duplicates. The cross­
contamination was defined as
c = iii.2 - h i  •
E J T  •
where E^ and are the differences between the extinctions 
of the appropriate sample and of the blanks* Neither the 
protein manifoldsrun at high sensitivity, nor 
the phosphate manifold, each of which entailed high pumping 
rates in the sample tube, showed appreciable cross­
contamination under any conditions, unless the manifold was 
dirty. The enzyme manifold and the protein manifold when 
run at low sensitivity did,however, show a certain amount 
of cross-contamination which was dependent both on the 
concentration of the sample and the concentration of sucrose 
which it contained. The form of the dependence is shown 
in Figs. 3.2 D-G-. The sharp rise in cross-contamination 
at extinctions greater than 0.6 is probably due to either 
protein or p-nitrophenol sticking to the manifold. It will 
be noted that while sucrose does increase the cross-
contamination of samples in both manifolds, the increase 
is not proportional to the sucrose concentration, fairly 
low concentrations of sucrose causing the same effect as 
much higher ones.
c) Interference in the Assay of Enzymes and Proteins
The presence of sucrose in the sample markedly 
decreases the sensitivity of the Lowry procedure for the 
estimation of protein. The inhibition curves for the three 
AutoAnalyser variants of the procedure used in this study 
are shown in Fig. 3.3 A-C. The inhibition curve for the 
manual method is very similar (G.C. Hartman personal 
communication). It will be noted that the concentration of 
sucrose given as the ordinate is the concentration in the 
sample, not the concentration in the reaction mixturet 
Fig. 3.323 shows that the inhibition is proportional to the 
latter.
Sucrose did not affect the sensitivity of the Lowry 
and Lopez procedure for estimating the inorganic phosphate 
released by phosphatase enzymes.
All the enzymes encountered in this study were 
inhibited by sucrose. Inhibition curves were determined 
as follows. With phosphatase enzymes, the incubation 
media were made up of 0.5 ml of sucrose solution, 0.1 ml 
of tissue (either rat liver homogenate or the post-nuclear 
fraction prepared therefrom) and 0.3 ml of a mixture of 
buffer and activators. After thorough mixing, the reaction
/o
50
zz I 0 0 -  8*8 oc
i
= < J 5 - a 7 x
an°‘ an
100
x
0-5
Pig, 3.3. Inhibition h£ sucrose of AutoAnalyser variants of 
the Lowry procedure for the assay of protein. A) Method of 
Schuel and Schuel (1968). B) and 0) The manifold shown in 
Pig. 2.2. run at*low* and *high* sensitivity. The ordinate 3cale 
in all cases are the concentration of sucrose in the original 
sample. D) Sucrose inhibition of the Lowry assay as a function 
of the ^concentration of sucrose in the reaction m ixture 
X results from B; O  results from C; i- results of 
u tes of Mr G C Hartmanv
was started by the addition of 0.1 ml of substrate with 
further mixing, lhe final concentrations of buffer, 
activator and substrate were the same as in the standard 
media described in the Material and Methods section. In 
order to obtain reproducible results, vigorous mechanical 
mixing of the tubes both before and after the addition of 
the substrate was necessary. A Whirlimixer (Pisons 
Scientific Apparatus Co. Ltd.) was used for this purpose. 
When the inhibition curve for glucose-6~phosphatase was 
determined, the tissue had to be mixed immediately with the 
sucrose to avoid inactivation of the enzyme on the interface 
AnalaR sucrose was used for the determination of these 
inhibition curves, but trial experiments showed no different 
in this respect between the AnaluE and the Mineral Water 
sucrose. Results were most reproducible when post-nuclear 
fraction was used as the enzyme source, since removal of 
aggregates into the nuclear pellet, made pipetting much more 
precise. After incubation, the assays were stopped with 
trichloracetic acid and the released inorganic phosphaue 
determined in the normal manner. The inhibition curves 
for enzymes determined by use of the AutoAnalyser 1 enzyme1 
manifold were obtained by diluting rat liver post-nuclear 
fraction with sucrose and water to give the final concentrat 
of tissue and sucrose required and running the samples in 
the normal way.
The inhibition curves for a caries of enzymes are shown 
in Pigs. 3*4, 3.5 and 3.6 In general, a fall in enzyme 
activity which was linear with sucrose concentration was 
observed. However, with certain enzymes, for example acid
100
50
0*5 0-5
6,
100
100-50 x
r0 n0-5OS
Pig. 3.4. Inhibit ion of enzymes hy sucrose. A) 3 ’-nucleotidase 
AMP as substrate. B) 5f-nucleotidase, IMP as substrate.
0) Glucose-6-phosphatase. D) Acid (3-glycerophosphatase.
The percentage of activity is referred to the activity at zero 
sucrose concentration. The sucrose concentration is that in 
the incubation medium. The equation gives the formula of the 
regression line fitted to the points.
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Fig. 3.5. Inhibition of ensy'rtes “by sucrose. A) Adenosine 
diphosphatase* B) Uridine diphosphatase. C) Adenosine 
triphosphatase. D) Uridine triphosphatase. For further 
information see legend to Fig. 3.4.
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p-glycerophosphatase (acid phosphatase), a slight activation 
at low sucrose concentrations was observed. Regression 
curves of the form v = ax + h were fitted. Here y is the 
percentage of the activity at zero sucrose concentration 
found when there is a sucrose concentration of x in the 
medium. If the fall in activity is strictly linear, the 
line fitted will pass through the 100$ point at zero 
sucrose concentration It can be seen from the equations 
presented in Rigs. 3.3 - 3.6 that this is usually the case* 
The value of a, the percentage loss of activity when the 
concentration of sucrose in the medium is 1.0 M, is a 
measure of the extent of the inhibition. A table of the 
inhibition constants of the enzymes examined in this study 
is given in Appendix III. There is no clear pattern 
visible in this table, although in generals lysosomal 
enzymes seem to be lass inhibited than any others.
Tne cause of this inhibition by sucrose is not known. 
Various possibilities have been discussed elsewhere (Hinton, 
Burge and Hartman, 1969). The inhibition is not due to 
denaturation of the enzyme protein, as it is complete3.y 
reversed simply by diluting out the sucrose (Table 3c2). 
Because of the low concentration of tissue in the fractions 
recovered from zonal rotors, it is usually necessary to 
assay in the presence of a relatively high concentration of 
sucrose and carry out a mathematical correction.
TABLE 3,2 
Reversal of Sucrose Interference
Mean Extinction - standard error (number of
observations)
Tissue subjected to Tissue maintained in
Enzyme
hypertonic sucrose dilute sucrose
G-lucose-6-
Ehosphatase 0.24 - 0.004 (5) 0.23 - 0.003 (6;
5'-Nucleoti-
dase 0.29 - 0.006 (6) 0.28 ± 0.005 (6)
In order to test whether the inhibition by sucrose was
reversible, an aliquot of rat liver bomogenate was diluted 
with 2 M sucrose to give a final concentration of 1.8 M, 
while a second aliquot was diluted sttfc an equal amount 
with water. After twenty minutes, both fractions were diluted 
with sucrose or with water to give a final concentration of 
0.2 M sucrose. Enzyme assays were then performed in the 
nonrial manner.
2/ .Purification of Flasma Membrane Fragments
A) Initial Experiments Using Zonal Rotors
Earlier experiments by various authors, which have 
been discussed in the Introduction, have shown that 
sedimentable activity of 5T-nucleotidase, a marker for liver 
plasma membrane, is divided almost equally between the 
nuclear and microsomal fractions obtained by differential 
centrifugation. The separation of fractions by this 
technique is, however, so coarse as to preclude the drawing; 
of many conclusions about the nature of the fragments and 
their possible binding to other components. Very much bette 
resolution of fragments of different sizes or densities 
can be achieved by using zonal rotors. A series of 
preliminary experiments were therefore performed to 
investigate in more detail the characteristics of the plasma 
membrane fragments.
After centrifugation of a rat liver homogenate for one 
hour in a zonal A-XII rotor spinning at 4,000 revs/min«, 
a clear separation of particles of mitochondrial size or 
greater was obtained (Fig. 3.7). Microsomes, as indicated 
by glucose-6-phosphatase activity have hardly begun to 
sediment, and lysosomes, indicated by acid phosphatase, 
have not moved far enough to be clearly distinguished 
from the starting band. Clear bands of mitochondria, 
red blood cells and nuclei are, however, observed, although 
the nuclear region is heavily contaminated by whole cells an 
aggregated material, which are together responsible for the
wide range of enzyme activities found in this region.
■ ■ ! < ' -1
The distribution of 5^-nucleotidase activity is clearly 
triphasic. As expected * about half of the total
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Pig. 3.7. Pattern obtained after centrifugation of a rat liver 
homogenate (3 £  loaded) for 1 h at 5,700 revs/min in a zonal 
A-XII rotor. For a Icey to the symbols see the endpaper.
activity is associated with very slowly sedimenting 
particles, and a farther 25$ is found in the aggregates 
at the end of the gradient. The remaining 20$,however, 
has a unique distribution, being found on the light side 
of the red blood cell peak. The low activity of other 
enzymes in this region indicates that it contains free 
fragments of the plasma membrane. The region will therefor-? 
be referred to as the fp m* peak.
Plasma membrane fragments are, therefore, found free* 
either us very large or very small particles, or they are 
aggregated with other cell components. The nature of the 
smaller fragments was further examined by centrifugation 
of a post-nuclear fraction for one hour at 9,000 rpm on 
an HS zonal rotor (Pig. 3.8)* Under these conditions, the 
mitochondria are banded against the cushion at the end 
of the gradient, while the microsomes hardly move out of 
the sample band, lysosomes are found spread over the whole 
of the intermediate region. The distribution of 
5f-nucleotidase shows that it is almost absent from particle 
of lysosomal size. A small part of the activity is found 
in particles banded with the mitochondria at the end of the 
gradient; the remainder is found in particles of 
microsomal size. These small particles can be further 
fractionated by centrifugation for one hour at 21,000 
revs/min. in a B-XV zonal rotor (Pig. 3.9). This shows 
that the slowly sedimenting nucleotidase activity is 
carried on particles which sediment at the same rate as 
the microsomes formed by fragmentation of the endoplasmic 
reticulum.
CO
Q_
cu
*0
F rat t io iv No.
to
o
30
FrcLcbi o e\ N o .
Fig. 3.8. Pattern obtained after centrifugation of a 'post-nuclear 
fraction'^ prepared from rat liver homogenafre^for 1 h at 
9,000 revs/min in a FS zonal rotor. For a key to the symbols 
see the endpaper.
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Pig. 3.«j. Pattern obtained after centrifugation of a rat liver 
homo senate for 1 h at 21,000 revs/min in a zonal B-XV 
rotor. Only the first part of the gradient, corresponding to 
the microsomal fraction is shown. For a key to the symbols 
see the endpaper.
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Apparently then, in addition to plasma membrane 
fragments still associated with other cell organelles, 
there are two quite distinct classes of plasma membrane 
fragments in rat liver homogenatess- small 'microsomal* 
fragments and large sheets. The separation of the former 
fragments has been carried out by colleagues of the author 
in the Wolfson Bioanalytical Centre (El~Aaser et al., 3.966 
Fitzsimons, 1969, EVA«t5«r at al., 1970) j the purification 
of the large fragments in bulk is the subject of this part 
of this thesis.
Whilst centrifugation of a whole liver homogenate 
on an A-XII zonal rotor furnishes plasma membrane fragment 
free from other cell organelles, the yield is low and the 
membranes are heavily contaminated by red blood cells„
If the amount of homogenate loaded is increased, in order 
to increase the yield of plasma membrane fragments, trio 
gradient is overloaded, resulting in contamination of the 
plasma membrane region by mitochondria. Some initial 
separation is therefore necessary, and the preliminary 
separation of large fragments of plasma membrane by 
differential centrifugation seemed the best method. 
However, as will be seen, a large number of problems arose 
from the initial pelleting of 3uch fragments.
B) Preparation of the Initial Fraction for the Zonal
Centrifuge
i) Sedimentation of the plasma membrane fragments
From the initial experiments on the zonal centrifuge, 
it is clear that the free sheets of plasma membrane are 
larger than mitochondria, and should, therefore, be 
recoverable by centrifugation in a bench centrifuge.
In a trial experiment, a 10^ homogenate was centrifuged 
in an 11 cm tube at 1,800 revs/min. (400 x g) in a 
swing-out rotor on a MSB bench centrifuge kept in a 4° 
cold room. The results of this experiment are shown in 
Fig. 3-10. Each point is the mean of duplicate assays 
performed on the fractions recovered from a single tube. 
The pellet after 2 minutes centrifugation is very loose, 
hence the variability in the results.
The sedimentation pattern of 5‘-nucleotidase indieace 
the presence of three components, whereas only two phases 
can be distinguished in the sedimentation of glucose-6- 
phosphatase or succinate dehydrogenase activity at low 
speed. The most swiftly sedimenting portion of the 
nucleotidase activity (ill) can be identified as aggregate 
by co-sedimentation of other enzymes. In a similar way 
the most slowly sedimentating j>articles (I) can be 
identified as microsomes. The intermediate component (II) 
can therefore be identified as free sheets of membrane.
The proportion of each component can be calculated from 
the slope of each section of the curve, and the comparison 
of these figures with the results of the zonal experiment 
(Table 3.3.) supports the identifications just made.
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Pig. 3.1& Sedimentation of the particles containing various 
enzymic activities from a 10 % homogenate of rat liver The 
percentage of activity in the pellet is plotted against time of 
centrifugation. The tubes (11 cm) full of homogenate were 
centrifuged at 1,800 revs/min in an M.3.E. Minor centrifuge 
kept at 4°. A) 5*-nticleotidase. B) Glucose-6-phosphatase.
C) Succinate dehydrogenase.
TABLE 3.3
Comparison of the Distribution of Enzymes among 'Fraction 
Separated by Centrifugation on Zonal and Swing-Out Rotor
5 '-Nucleotidase
Swing-out rotor
Component ^ of Toijal 
Activity
I 54
Zonal rotor
II
*
*
III
Grlucose-6-
Phosphatase
*
20
26
77.5
II '
i n  *
Succinate
Dehydrogenase
0
22.5
86
II
III
*
*
0
14
io of Total 
Activity
48
17
35
77
2
21
90
2
8
Element Present
Microsomes + 
lysosomes + 
mitochondria
Plasma membrane
1Nuclei1
Microsomes + 
lysosomes * 
mitochondria
Plasma membrane
'Nuclei1
Microsomes + 
lysosomes + 
mitochondria
Plasma membrane
'Nuclei'
* Components,!, II and II are the three components which 
can be identified in Fig, 3t10.
The slowest sedimenting component is numbered I0
+ The zonal run from which these results were calculated 
is illustrated in Pig. 3.7.
it can also be deduced from the sedimentation curves that 
the large sheets of membrane will be completely sedimented 
after spinning for 7.2 minutes at 1,800 revs/min. 
Centrifugation as this speed for 10 minutes was, therefore, 
the standard method for harvesting the large sheets of 
membrane from the homogenate before loading them or to 
the zonal rotor.
ii) The effect of changes in the homogenisation conditions
Three types of homogeniser were tried with a view to 
their usefulness in preparing large sheets of plasma membrane 
a Potter-Elvehjem type homogeniser with a motor driven 
pestle, a Chaikoff press and a nitrogen pressure homogeniser.
a) Potter-El'vehjem Type
In trial experiments a size B homogeniser (A. Thomas 
Inc. Philadelphia) with a glass vessel and Teflon pestle 
was used. The effects of varying the speed of rotation 
of the pestle, the clearance between the pestle and the 
vessel and the number of homogenisation strokes were examined 
The clearance has been graded merely as 'tight*, ‘medium1 
or ‘loose1, since the actual clearance varied at different 
points along the pestle due to wear. A tight pestle 
fitted so closely that it left a vacuum behind when it was 
pulled sharply out of an empty tube, while a ‘loose* pestle 
could be wobbled from side to side. It can be seen from 
Table 3.4 that none of variations in homogenisation 
conditions tried had any great affect on the proportion of.
TABLE 3.4
Effect of Homogenisation Conditions on the Recovery of
1/
2/
3/
-Nucleotidase Activity in the Low-Speed Pellet.
Potter-Elveh.iem Homogeniser
Clearance Pestle Speed No. 
(see 
text)
of Strokes
io of Ac 
400 x g 
Pellet
tivity i: 
10 min.
AMPase Gr-6-Pas e
Medium 2,900 rpm 2 48 13
it n 4 47 19
it it 7 50 14
i 10 41 14
IT I 15 34 12
I IT 20 39 14
Tight 600 rpm 4 CO 0 25
Loose 600 rpm 4 56.5 23
i
Chaikoff Homogeniser
Aperture
(inch x 1,000)
38 33 HI
25 18 7
25 (2nd passage) 10 5.5
17
17 (2nd passage)
8
6.2
505
5
p
Nitrogen Pressure Homogeniser
6.2 0
 ^ The liver was minced by passing through the homogeniser 
with a 64/1,000 in. aperture and then successively passed 
through the apertures listed above* An aliquot was taken 
after each passage, diluted and centrifuged as described 
in the text.
P
Equilibration 800 psi 20 min.
5’-nucleotidase activity in the nuclear fraction. This 
proportion is slightly reduced by increasing the number cf 
strokes, whereas decreasing the speed of rotation of the 
pestle or increasing the clearance between the pestle 
and the vessel causes some increase, but at the expense of 
increased contamination of the pellet by material which 
contains glucose-6-phosphatase and succinate dehydrogenase 
activity, probably unbroken cells. Prom these experiments 
conditions for the homogenisation of rat liver for this 
series of experiments were standardised as three strokes of 
a Potter-Elvehjem homogeniser with a loosely fitting pestle 
rotated at 600 rpm.
b) Other types of Homogeniser
Whilst variations in the operation of a Potter-Elveliy-r 
type of homogeniser had a fairly small effect on the 
proportion of nucleotidase recovered in the low speed 
pellet;, variation in the operation of the Chaikoff press 
had a very considerable effect. In the trial experiment 
whose results are presented in Table 3.4, the chopped liver 
was first ’minced1 by passing it through the press with 
an aperture of 64/1,000 in. This mince was then 
homogenised by successive passages through the homogeniser 
with apertures set as in Table 3.4. After each passage 
a sample was taken, diluted to give a IQfS suspension of 
liver and then centrifuged. Even after the first passage 
through the press, the percentage of nucleotidase in the 
nuclear pellet is lower than any obtained with a Potter- 
Elvehjem homogeniser and further homogenisation in the
Chaikoff press causes almost complete disruption of the 
large sheets of membrane. The Chaikoff press was not 
therefore much used in these experiments.
The nuclear fraction prepared from liver homogenised 
by release of nitrogen pressure (equilibration for 20 
minutes at 800 psi) contained very little nucleotidase 
(Table 3.4), and of this small amount, two-thirds could be 
removed by resuspension and resedimentation. Presumably 
the nitrogen dissolves first in the lipid of the plasma 
membrane,and the plasma membrane is therefore completely 
disrupted on the explosive release of the pressure.
Since the nitrogen has to diffuse through the plasma 
membrane the internal organelles of the cell are protected 
to some extent, and therefore, hot containing so much 
dissolved nitrogen, are less extensively damaged when it 
comes out of solution on release of the pressure,
C) Separation of Plasma Membrane from Unperfused Liver
by Zonal Centrifugation
i) Effect of Changes in the Homogenisation Medium
After establishing initial conditions for harvesting 
large plasma membrane fragments, a series of experiments 
were performed to assess the effect of changes in the 
homogenisation medium on the enzyme pattern obtained after 
centrifugation of the resuspended nuclear fraction in a 
zonal A-XII rotor. These early experiments were performed 
using the zonal rotor at the Chester Beatty Research
Institute. The samples were prepared at our laboratories
in Battersea and transported by bus, a journey of about
thirty minutes.
Initially a very hypotonic medium (5 ,mM Tris pH 8.0) 
was used both for homogenisation and for resuspension of 
the nuclear pellet, in imitation of the conditions used 
by Emmelot and his colleagues (1964) for the preparation 
of a plasma membrane fraction using conventional rotors,. 
After spinning such a preparation for about an hour at 
3,500 rpm in the A-XEI rotor using a fairly steep gradient
(Pig. 3. HA) a thin band was noticed rather beyond the
leading edge of the • mitochondrial band. This band was 
highly enriched in 5’-nucleotidase activity and was 
tentatively ascribed to free sheets of plasma membrane, 
However, most of the nucleotidase activity was found in 
the first (microsomal) and fourth (nuclear) peak. The 
activity in the former was mainly due to breakdown of 
material initially sedimented into the nuclear pellet, as 
the pellets were washed twice iD remove most of the 
contaminating microsomes and mitochondria. Such breakdown 
could be minimised by careful resuspension. The activity 
of the fourth ’nuclear1 region was assumed to be due 
to plasma membrane trapped in the aggregates found in this 
section of the gradient.
Various attempts were made to release these trapped 
membranes. Treatment with EDTA was tried, in order to 
break Mg++-dependent bonds (Pig. 3.11B) °** else the 
nuclei were digested with DNase (Pig. 3.HC). Neither 
treatment caused any release of free sheets of membrane,
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Fig. 3.11. Pattern obtained after centrifunation of a crude 
nuclear fraction prepared from rat liver homosenate for 1 h at 
3.700 revs/min in an A-XII zonal rotor. A) Liver homogenised, 
and nuclear fraction resuspended in 0.08 M sucrose, B) as ahove, 
hut 0,5 mM EDTA added to the resuspension medium and the gradient.
C) as ahove, hut the sample treated with DNase, before loading.
D) Liver homogenised, and nuclear fraction suspended in 0,15 M KC1.
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The addition of 5 mM MgCl^ to preserve nuclear structure 
was equally ineffective whilst homogenisation in buffered 
isotonic EDI resulted in almost complete aggregation of 
all cell components into clumps so large as to be visible 
to the naked eye (Fig. 3*11D.)„
From these experiments, it was concluded that the 
best conditions for separating plasma membrane fragments 
were homogenisation and resuspension in a buffered solution 
containing no additional ions. The use of simple solutions 
of Tris in distilled water was not however, completely 
satisfactory as on some occasions the sample had to be 
discarded because of nuclear lysis -and the 
subsequent gelling of the free DNA* Dilute sucrose 
solutions were therefore used to increase the tonicity.
Best results wore achieved with 0.08 M sucrose (Fig. 3.12A), 
Increasing the concentration to 0.12 M caused a reduction 
of the proportion of the nucleotidase activity recovered 
in the plasma membrane band (Fig. 3*12B) whilst the use of 
0,25 M sucrose resulted in the complete disappearance of 
the band (Fig. 3.12C). The nucleotidase trapped under these 
conditions was released by vigorous homogenisation such as 
that achieved in the Chaikoff press, but in association 
with small particles, not as large sheets (Fig. 3.12D).
ii) Effect of Changes in the Operation of the Zonal 
Centrifuge
In order to obtain the best possible separation of 
plasma membranes from other components of the crude nuclear 
fraction, a variety of gradient shapes were tried (Fig, 3*’13
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ig. 3.12. Pattern obtained. after centrifugation of a crude
/O
uclear fraction prepared from rat liver homogenate for 1 h at
700 revs/min in an A-XII zonal rotor. Liver homogenised, and 
uclear fraction resuspended in A) 0.08 M sucrose B) 0.12 M 
ucrose C) 0.25 M sucrose. D) Liver homogenised in 0.25 M sucrose 
y passage through a Chaikoff homogeniser (25/1000 in clearence).
1 solutions buffered with 5 mM Tris pH 7.4.
£
 E^^rvn ,  Density (20°),   S’-nucleotidase.280 nm
IO f
UJO
o
r ^
10
3010
k
o<*
Oj
h
« A
z
U i
o
ra UJ
U Jit
10 3030 IO
Pig* 3.13* Pattern obtained after centrifugation of a crude 
nuclear fractiofl^ prepared from rat liver homogenate for l h  at 
3,700 revs/m in in an A-XII zonal rotor* Affect of changes in the 
gradient shape* The liver was homogenised, and the sample 
resuspended in 0.08 M sucrose*
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The best results were obtained with a gradient consisting 
of two fairly steep curves. The sedimenting mitochondria 
are slowed by the viscosity of the sucrose in the flat 
region between the two steps, whilst the plasma membrane 
is collected in a narrow band by the steep second step. 
Gradients of this type separated mitochondria from the 
plasma membrane so well that no washing of the crude 
nuclear fraction was necessary. If centrifugation was 
prolonged, the mitochondria migrated into the plasma membra 
region., whilo the latter remained stationary, confirming 
that the sheets had reached their isopycnic position.
A full set of analyses on a run done under these 
circumstances is shown in Fig. 3.14. The four bands, 
microsomes, mitochondria, plasma membrane and 1 nuclei* 
which can be soon by visual examination of the rotor 
during centrifugation* are clearly visible in the trace of 
the extinction at 650 run monitored during outflow of the 
gradient. As expected, succinate dehydrogenase activity 
is almost entirely confined to the second peak, and DhA 
to the fourth. It will be noted however, that the DNA 
peak and the enzyme peak in the fourth region are separated 
for nuclei have begun to penetrate the 2 M sucrose of the 
cushion while the aggregates have already reached their 
isopycnic position. The large amount of glucose-6-phosphat 
activity associated with the mitochondria is surprising, 
but is probably to be explained by a non-specific 
aggregation occurring during transport of material between 
the two laboratories.
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Pig. 3.14. Pattern obtained after centrifugation of a crude 
nuclear fraction^  prepared from rat liver homo senate for 1 h at 
5»700 revs/min in an A-XII zonal rotor. Homogenisation of the 
liver, and resuspension of the crude nuclear fraction was in 
0,08 M sucrose. All solutions used were "buffered with 5 mM 
Tris pH 7.4. For a key too the symbols, see the endpaper.
This experiment was performed using the zonal rotor at the 
Chester Beatty Research Institute.
TABLE 3.5
Reproducibility of the separation of plasma membrane 
fragments in the zonal centrifuge (early experiments - 
material transported for centrifugation at the Chester
Beatty Research Institute) In Tables 3.5 and 3.6 the value
\
represent the distribution among the peaks of the material 
recovered after centrifugation. rf
5 r-Nucleotidase
1
Region '
Run No. IS 19 20 22 23
Microsomes 40.2 47.8 39.3 34.7 17.2
Mitochondria 9.9 9.7 16.5 6.9 3.2
Plasma Membrane 23vC 22.5 21.9 30.3 42.8
Nuclei 26o0 19.4 22.2 28.0 36.7
G-lu c o s e - 6 - pho s phat as e
Region
Run No . 18 19 20 22 23
Microsomes 26.1 34.2 22.3 31.2 28*6
Mitochondria 9.1 20.2 27.4 26.5 10.4
Plasma Membrane 10.8 19.5 25.4 10.4 21,2
Nuclei 53.9 26.1 25.0 31.8 39.8
Adenosinei triphos- Succinate dehyc
tA
phatase (Mg++) enase
Region
Run No,. 18 19 20 22 23
Microsomes 24.1 34.2 29.5 16.4 7.8
Mitochondria 33.4 22.7 29.4 65.4 79.8
Plasma Membrane 19.5 21.4 22.0 14.6 5.6
Nuclei 23.0 21.7 19.2 3.5 7.1
Continued on next page...
Table 3.5 continued.
1Region
RITA DNA
Run Ho. 22 23 22 23
Microsomes 73.7 79.4 3*1 5.4
Mitochondria 12.3 6.5 0.2 1.6
Plasma Membrane 1.7 2.8 1.6 2.2
Huclei 12.3 H . l  95.0 90.8
i
Definitions of Regions.
Microsomes particles < 30,000 S
Mitochondria particles >30,000 S and at density
< 1.155 (app.120, 
Plasma Membrane 1.155 <£ d £1.21
* Nuclei1 d ^  1.21
The density is calculated at 5°.
The sedimentation coefficients are those of 
mitochondria referred to 0.25 M sucrose at 0°.
The particle densities are calculated as a 
function of medium density using the equation 
given by Beaufay et al., 1964.
The reproducibility of the separation under these 
conditions is illustrated in Table 3.5. It will be noted, 
that there are quite significant variations, especially 
in the proportion of glucose-6-phosphatase in the 
mitochondrial and plasma membrane regions. There are 
also severe discrepancies in the amount of nucleotidase 
recovered in the microsomal peak. These variations 
indicate a lack of control over a crucial stage in the 
operations.
iii) Effect of the Means of Resuspending the Nuclear 
Pellet
At this point in the work, we acquired our own zonal 
A-XII rotor and found considerable difficulty in 
reproducing the results obtained at the Chester Ik vfcty 
Research Institute* In experiments at Battersea, the 
plasma membrane peak was found at a higher density than was 
the case earlier. However, if the recovery over the 
whole plasma membrane region was calculated (Table 3.6, 
Methods I and II) the results in the two laboratories were 
very similar. Because of the apparent change in the dens! 
of the plasma membrane peak and the lack of the sophisticat 
gradient maker used at Chester Beatty, some time was spent 
in developing a gradient for this separation which could 
be made on our simple equipment. This gradient is given 
as gradient A-I in Appendix V.
Consideration of the variability of the results 
obtained in the early experiments suggested that a basic 
problem was lack of control over the conditions used 1d 
resuspend the nuclear pellet. Obviously, there was need 
for a procedure causing less breakdown of large sheets 
than hand-shaking or brief homogenisation in a Potter 
Elvehjem homogeniser with a loose fitting pestle. Two 
methods were tried, viz, homogenisation using the type of 
rubber pestle used by Jacob and Bhargava (1962) for the 
preparation of intact cells, and shaking on a mechanical 
mixer (Whirlimixer - Pisons Scientific Apparatus Ltd.). 
These two methods gave very similar results. In both cases 
the proportion of nucleotidase in the microsome region was
2 56 *
TABLE 3,6
Effect of various methods of resuspending the nuclear 
pellet on the distribution of material through the zonal 
gradient. The values are percentages as explained in the 
heading to Table 3.5. Regions are as defined in the 
footnote to Table 3,5. The Recovery1 from the zonal 
run is given as a percentage of the material actually loaded 
into the zonal rotor,
51-Nucleotidase /Mean Activity
li \(R Moles/min/g liver) 17.8 £ 4.0 (6)nonocj£tvafcC ) >
I Specific Activity
 ^(p Moles/min/mg protein) 0.076^ 0.016 (6}
Mean recovery in Initial
Erection 34.6 ±
Region
Method* I II III IV
No, of
experime nts 5 3 1 3
Microsomes 35.8 36.2 9.5 12 o 9
Mitochondria 9.2 3.7 0 1.9
Plasma Membrane 28.2 28.9 33.5 28.7
Nuclei 26.6 31.2 57.7 56.7
Mean Recovery from Zonal Runs 73. 0 ± 13.0
Continued on next page...
Table 3.6 continued
Orlucose-6-phosphatase
/ Mean Activity 
H0r\oyn*fcel (^Moies/min/g liver) 10.1 ~ 1.4 (5)
I Specific Activity
^ (tiMoles/min/mg protein) 0*045 0.006 (
Mean recovery in
Initial fraction 13.2 £ 2.0
Region
Method* I II III IV.
o o
experiments 5 3 1 3
Microsomes 28.5 56.4 32.2 34.1
Mitochondria 18.7 8.5 21.3 10.3
Plasma Membrane 17.4 7.6 11.6 7.0
Ruelei 35.3 27.4 34.9 45.5
Mean recovery from zonal runs 91.5 £ 12.0
Succinate Dehydrogenase
fMean Activity
Honojerk cu b C I (^Moles/min/g live: 
f Specific Activity
r) 5.59 ± 0.80
i
\ (pMoles/min/mg protein)0.023 £ 0.002
Mean recovery in
initial fraction 10.9 * 1.6 i
Region
Method* I II III IV
o•o£5
experiments 2 3 1 3
Microsomes 12.1 12.0 9.1 11.5
Mitochondria 72.4 69.7 77.7 70.0
Plasma Membrane 10.1 10.9 5.8 5.2
Nuclei 5.2 7.4 7.4 11.8
Mean recovery from zonal runs 10 7 :£ ii (;
Continued on next page*..
Table 3.6 continued
Protein wg/g liver
Mean recovery in 
initial fraction
23.5 ± 1.2
Region
Method I II III IV
No. of
experiments 0 2 1 3
Microsomes 60.1 24.6 28.3
Mitochondria 13.5 38.4 28.0
Plasma Membrane 9.4 13.3 10.8
Nuclei 15.0 23.6 27.0
Mean recovery iron zonal runs 91.6 £ 8.6 (5)
"Method I
Pellet resuspended either with 1 stroke Potter-Elvehj 
homogeniser with 13/1000 in clearance, 950 rpm pestle 
or by vigorous hand shaking (1 experiment), and then 
taken to Chester Beatty Research Institute 
(30 minute journey)«
Method II
Pellet resuspended by vigorous shaking by hand in 
a stoppered tube.
Method III
Pellet resuspended with 4- strokes of a rubber pestle 
homogeniser (Jacob and Bhargava, 1962), left 60 min. 
and given another 3 strokes before loading.
Method IV
Pellet resuspended by shaking for 1 minute on a 
■Whirlimixer*, the suspension was left for 1 hour 
and finally shaken for 30 seconds before loading.
considerably reduced, although unfortunately, there was not 
much net gain in the proportion of the activity recovered 
in the plasma membrane region, because of the less effective 
disruption of aggregated material (Table 3.6). The 
difference between resuspension by hand shaking and by 
mechanical shaking is probably due to the swirling action 
of the mechanical mixer causing less breakage than ‘;he 
fpistonf action normally used when a stoppered tube is 
shaken by hand. The method of choice for resuspending the 
sample was shaking in a mechanical mixer. This method was 
preferred to resuspension with the rubber pestle homogeniser 
because of the rather unhygienic nature of the latter.
Prom these preliminary experiments, a standard method 
for preparing plasma membrane fragments from unperfused 
livers was formulated b This is later given in full.
In essence, the liver was homogenised in buffered 0.08 1' 
sucrose and a crude nuclear pellet prepared and resuspended 
in the same medium by use of a 1Whirlimixer *. The 
resuspended fraction was left for some time on the 0.08 M 
sucrose before loading into the zonal rotor in order to 
mimic the conditions which existed when the sample had to 
be transported across London. Later experience suggests th.a 
such treatment was not essential. After loading the 
fraction onto a standard gradient in the A-XII rotor, 
the rotor was accelerated to 3>700 revs/min. and spun for 
1 hour, before slowing to 300 revs/min. for off-loading.
The distribution of enzymes after a separation by this 
method is shown in Pig. 3.15. In general, the distribution 
is very similar to that observed in experiments at the
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Pig. 3.15. Pattern obtained after centrifugation of a crude 
nuclear fraction prepared from rat liver homosenate for 1 h atMill III I l < » W— M M H W W i  M M I M  M  M  ( « W «
3,700 rev3/min in an A-XII zonal rotor. Liver (unperfused) 
homogenised, and the crude nuclear fraction resuspended in 
0.08 M sucrose. Gradient form A I. All solutions contained 5 mM
Tris pH 7.4. For a key to the symbols see the endpaper.
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Chester Beatty Research Institute* However, there is much 
less evidence of aggregation of endoplasmic reticulum with 
mitochondria than in the earlier experiments* The localisation 
of lysosomes in a discrete hand sedimenting between 
microsomes and mitochondria will be noted. The recovery of 
enzymes and protein after centrifugation in the zcnal rotor 
was normally excellent (Table 3.6). The low apparent 
recovery of nucleotidase is probably due to an under­
estimation of the activity in the peak tubes.
iv) Further Purification of the Plasma Membrane Fragments
It seemed a reasonable supposition that the plasma 
membrane fragments could be further purified by an isopycnic 
centrifugation step. In the first trials of this technique, 
fractions from the throe peaks of nucleotidase activity 
were layered over sucrose of density 1.18, sometimes with 
the addition of layers of density 1.20 and 1.26 respectively*
In order to prevent the sample sinking, it was necessary 
to dilute the material from the plasma membrane and nuclear 
peaks with an equal volume of water before layering. The 
tubes were then centrifuged for 2 hours at 30,000 revs/min 
(95,000 x g) in the 3 x 23 ml swing-out rotor of an M.S.E.
Super Speed 50 centrifuge. After centrifugation the sucrose 
layers were recovered with a bent pipette. The distribution 
of nucleotidase activity between the material on the interface 
of the 1.18 density layer, and that which had penetrated 
this layer is given in Table 3.7e Although the microsomes 
will not have quite reached their equilibrium positions in 
this time, the distribution of activity with material
derived from the first peak is very similar to that 
expected from the results of experiments in the 
equilibrium banding of microsomes in a zonal centrifuge 
(Fitzsimons, 1969). The plasma membrane fragments in the 
two latter peaks seem, on the other hand, to be muon 
denser than expected, although this could be due to 
adhesion to contaminating particles.
TABLE 3.7
Isopycnic Centrifugation of Nucleotidase containing fragments.
Sedimentation 
Region fMicrosomesf Nuclei1 r F M 1
Density >1.18 89$ 9# 211°
Density <1.18 llfo 91# 73f0
For a number of reasons, sedimentation of material 
into a step gradient did not prove satisfactory as a means 
of purifying plasma membrane fragments. The increase in 
specific activity of 5 ^ nucleotidase was small, and the 
distribution of activity between different layers was not 
reproducible. Accordingly, the effect of floating the 
membrane fragments from sucrose solutions of varying density 
was tried. The results are given in Table 3.8. The 
procedure was to adjust the density of the fraction with 
water or 2 M sucrose as required, put an aliquot on the 
20 ml polycarbonate tubes of an 3 x 23 ml swing-out rotor, 
cover with 0.25 M sucrose and centrifuge for 90 minutes 
at 30,000 revs/min. (95,000 x g). It can be seen that 
flotation from sucrose of density 1.20 gave almost 
quantitative recovery of nucleotidase activity in the floating 
layer.
TABLE 3o8
Percentage of enzyme activities floated from the 
plasma membrane fraction after adjusting to various 
densities with 2 M sucrose.
Density of medium Percentage of activity in pellicle
AMPase G-6-Pas e Succ D rase Protein
1.18 7 10 4 13
1.19 33 28 17 34-
1.20 86 72 45 61
Recovery (mean) 114 114 114 104
There was still however a considerable degree of
contamination by microsomal and mitochondrial material, as 
indicated by glucose-6-phosphatase and succinate 
dehydrogenase activity respectively. This could be reduced 
by rehomogenising the material before flotation. Two 
methods, vigorous homogenisation in a Potter-Elvehjem 
homogeniser and blending in a whirling-blade type of 
homogeniser (M.S.E. Ltd.) were tried. As can be seen 
from Table 3.9* this treatment causes release of some 
nucleotidase-containing material. If the whirling blade 
homogeniser is used, the material released is more 
contaminated than with the Potter-Elvehjem type of homogenis 
The latter treatment was therefore, preferred.
264-0
TABLE 3,9
Percentage of activities floated from the plasma 
membrane fraction after adjusting to density 1.2 and 
homogenising by various means.
Homogenisation Method Percentage of activity in pellicle
AMPase G-6-Pase Succ D fase Protein
None 80 43.5 55 47
Potter/ 89 42.5 27 46
Blender (M.S.E.) 87 58 43 49
Overall recovery 66 120 105 n o9o
1
r Resuspension by 3 strokes loosely fitting Potter-Elvehjem 
homogeniser with pestle spinning at 2,900 revs/min,
* Homogenisation at full speed for 30 seconds in an 
M.S.E. whirling blade type homogeniser.
An attempt was made to remove some of the microsomal 
contamination by addition of MgCl^ to the fraction before 
flotation to increase the density of the endoplasmic reticulum 
fragments (Dallner 1964). The results showed however, 
that the magnesium ions also increase the density of the 
plasma membrane fragments to such an extent that, even if 
the sucrose concentration is increased sufficiently to 
cause the latter to float, there is no increase in 
purification (Table 3.10).
Effect of Magnesium ions on the flotation of the fragments 
from the TPlasma Membrane* region which contain 
5*-nucleotidase activity.
AMPase Protein
Percentage of activity in the pellicle
Mg++ concentration 0 5 0 5
(mM)
Density of flotation 
medium
1.19 63 5 57-5 9
1.205 98 • 100 77 76
v) Properties of the Plasma Membrane Fraction Prepared 
from Unperfused Liver
The plasma membrane fraction prepared from unperfused 
liver was recovered as a faintly pink pellicle (floating 
•pellet*) after the final flotation.
The colour was almost certainly due to traces of 
adsorbed haemoglobin. Electron microscopy of the plasma 
membrane peak recovered from the zonal centrifuge revealed 
the presence of large sheets of membrane including intact 
bile eanaliculi, but these were disrupted on rehomogenisat 
(J.T.R. Fitzsimons, unpublished experiments). Whilst the 
fraction recovered from the zonal centrifuge was slightly 
contaminated by nuclei (Table 3.11), these were completed!?' 
removed by the final flotation. The two plasma membrane 
markers assayed, viz 5T-nucleotidase and Na/K activated 
ATPase were recovered in similar amounts with similar 
purifications (Table 3*11)* The slight difference in the 
results is not significant, probably being due to the 
inaccuracy of the measurement of the Ua4* stimulation of 
homogenate ATPase, due to the presence of so much Na/E 
insensitive activity.
TABLE 3>11
Purification and recovery of REA, LEA and various enzymes 
during the purification of plasma membrane (pm) 
fragments from unperfused liver.
LEA
Eraction mg/mg Protein Yield Purification
Homogenate 0.0024 (l)
Euclear Fraction 0.014 (1) 93 (1) 5.8
^onSi p m 0.0079 (1) 3.0 (1) 3.3
Purified p m  0.0 (1) 6;'0 (1) 6
REA
Eraction mg/mg Protein Yield Purification
Homogenate 0.0258 (1) ~
Euclear Eraction 0.0218 (1) 13.6 (1) 0.79
Zonal p m 0.0234 (l) 0.8 (l) 0.84
Purified p m 0.0183 (1) 0.25(1) 0.66
51 -Eucleotidase
Ul Jl.~"
Fraction Specific Activity Yield fixation
p. Moles/' Iv/mg prot. fo
Homogenate 2.56-0.17 (6) - -
Euclear Eraction 6.33 - 0.59 (6) 42.2 - 1.93 (6) -2.10
Zonal p m 28.2 ± 1.51 (6) 10.5 ± 1.62 (6) 11,0
Purified p m 40.1 ± 1.35 (6) 6.9 ± 0.61 (6) 15.7
Ea’VlC* Activated Adenosine tri-phosphatase
Eraction Specific Activity Yield
1 ricaxion
p. Moles/: h /mg prot.
Homogenate 0.72 (2)
Euclear Eraction 1.23 (2) 40.6 (2) 1.71
Zonal p m 6.85 (2) 10.9(2) 9.5
Purified p m 8.65 (2) 6.4 (2) 12.0
Table 3.11 continued
Succinate Pehydrogenase
Fraction Specific Activity 
pi Moles/i h;v/mg prot.
Yield
%
Purl-
f jLO
Homogenate 1.49 ± 0.74 (6) - —
Nuclear Fraction. 1.45 ± 0.05 (6) 18,2 ± 2.1 (6) 0.97
Zonal p m 0.42 ± 0.05 (6) 0.34 ± 0.05(6) 0,28
Purified p m 0.31 ± 0.05 (6) 0.08 ± 0.01(6) 0* 21
Fraction
Acid. B-glycerophosphatase 
Specific Activity Yield Puri- ficati
ji Moles/ h /mg Prot. 1>
Homogenate 1.57 (1) - -
Nuclear Fraction 1.07 (1) 11.7 (1) Or 68
Zonal p m 0.77 (1) 0.48 (1) 0.49
Purified p m 0.55 (1) 0.11 (1) Go 25
Uricase
Fraction Specific Activity 
p. Moles/, h ./mg prot.
Yield
1*
Puri- 
ficati
Homogenate
1.05 (2)* 
2.53 (1)+
- -
Nuclear Fraction
0.71 (2)* 
2.55 (1)+
15.2 (3) 0, 79
Zonal p m
0.43 (2)* 
0.80 (£)+
0.88 (3) 0,38
Purified p m
0.14 (2)* 
0.0 (1)+
0.09 (3) 0.09
* Assay at 20° 
+ Assay at 37°
Table 3.11 continued
Fraction
J
Homogenate 
Nuclear Fraction 
Zonal p m 
Purified p m
Fraction
j
Homogenate 
Nuclear Fraction 
Zonal p m !
Purified p m !
Fraction
i
Homogenate 
Nuclear Fraction 
Zonal p m 
Purified p m
G-luc os e-6-phosphatase
Specific Activity Yield ficatjon
i Moles/ h /mg prot. 56
2.86 ± 0.16 (6)
2.06 ± 0.04 (6) 17.3 ± 0.96 (4) 0.87
2.07 ± 0.35 (6) 0.77 - 0.14 (6) 0.87
2.07 - 0.15 (6) 0.31 i 0.03 (6) 0.87
Purif­
ication
Adenosine diphosphatase
Specific Activity Yield
1 Moles/ h' /mg prot. fo
3.28 (2)
5.16 (2) 36.4 (2) 1.64
L4.2 (2) 4.9 (2) 4*32
L8.0 (2) 1.6 (2) 5.5
Uridine diphosphatase 
Specific Activity Yield^ " I lCamOii
i Moles/, n./mg prot. $
23.1 (2)
8.45 (2) 8.8 (2) 0.37
12.35 (2) 0.65 (2) 0,53
14.2 (2) 0.18 (2) 0.6::..
Further results in Table 3.11 show that the small 
number of mitochondria and microbodies present in the plasms: 
membrane band recovered from the zonal centrifuge, as 
indicated by succinate dehydrogenase and uricase activities 
respectively, are almost completely removed in the final 
flotation. At first sight this seems surprising as the 
isopycnic density of mitochondria is 1,18, i.e. lighter 
than the flotation medium. However, it has been shown 
(Beaufay, 1966) that if mitochondria are exposed to 
sucrose denser than 1.18 they are damaged and band at a 
much higher density. The amount of lysosomal contamination, 
as indicated by acid phosphatase activity, is about the 
same as the contamination by microbodies in the plasma 
membrane recovered from the zonal centrifuge, but much less 
vs removed in tho final flotation. This agrees with what 
is known about the relative density of the two organelles,, 
The high proportion of glucose-6-phosphatase which floats 
in the final separation is no doubt due to the presence of 
smooth endoplasmic reticulum fragments, although the 
presence of some RNA in the final fraction argues that 
there may be some rough vesicles there as well.
The distributions of adenosine diphosphatase and 
uridine diphosphatase are interesting. The low recovery 
in the nuclear fraction relative to the amount of 
51-nucleotidase indicates that some of the adenosine 
diphosphatase and most of the uridine diphosphatase activiti 
are not due to the plasma membrane. The progressive increas 
in the relative specific activities of the enzymes during 
the further purification of the plasma membrane indicates
however, that a certain proportion of each activity must 
in fact he located in plasma membrane.
D ) Preparation of Plasma Membrane Fragments from Perfused 
liver
i) Zonal Centrifugation
If the livers were perfused with isotonic sucrose, 
adjusted to about pH 7.8 with 5 mM NaHCO^, and then 
homogenised in 0.08 M sucrose similarlybufferedT, and 
if a nuclear fraction was prepared and resuspended in the 
same way as when unperfused liver was used, a plasma 
membrane peak was found, after centrifugation in the zonal 
rotor, banding at a distinctly lower density than if 
unperfused liver was used (Fig. 3.16). As an additional 
change from the methods used with unperfused liver, all 
solutions were 1buffered1 with 5 mM NaHCO^, rather than 
with 5 mM Iris pH 7.2 for the sake of uniformity with the 
perfusion medium, this in turn being taken from Coleman 
et all, (1966).
Homogenisation and resuspension in 0.08 M sucrose 
did not prove very satisfactory because perfusion 
appeared to reduce the ability of the nuclei to cJifctatounck. 
hypotonic conditions, and some preparations were lost 
through gelling during resuspension of the crude nuclear 
pellet. Increasing the concentration of sucrose to Cl12 U 
improved the reproducibility of the preparation, although 
the yield of plasma membrane in the third peak was still 
rather poor and variable. At this time, the method of
ISO
5*
✓ '
QU
\00
50
a o  ... 30
F r a c C t o A  No.
- a . s
CL.
30
Pig. 3.16. Pattern obtained after centrifucration of a crude
nuclear fraction, prepared from rat liver after perfusion with 
0.25 M sucrose, for 1 h at 3.700 revs/min in an A-XII zonal 
rotor. The livers were homegenised, and the crude nuclear 
pellet resuspended, in 0.12 M sucrose. Gradient form AT.
All solutions contain 5 mM NaHCOg. For a key to the symbols, 
see the endpaper.
resuspending the nuclear pellet was changed. The 
^hirlimixer1 having broken down, a hand-held*. Teflon-glass 
homogeniser (Jencons Ltd.) tried as a hygienic 
alternative to the rubber pestle homogeniser mentioned 
earlier, was found to work just as well and was,therefore, 
used regularly thereafter.
Later, it was found(unexpectedly in view of the 
experiments on unperfused liver),that if perfused livers 
were used, the initial homogenisation could be carried 
out in isotonic conditions (0.25 M sucrose). The nuclear 
fraction was then resuspended in 0.08 M sucrose, but the 
volume of 0.25 M sucrose trapped in the pellet would have 
been sufficient to make the final concentration in the 
sample for loading on the zonal rotor 0.12 M„ A satisfacto 
preparation of plasma membrane was obtained under these 
conditions, whereas in the experiments with unperfused 
nuclei all the sedimenting nucleotidase was found in 
aggregates in the nuclear region whether the nuclear 
fraction was resuspended in 0.25 M or 0.08 M sucrose 
(Pig. 3.12C and unillustrated experiment). After 
homogenisation in 0.25 M sucrose, the red blood cells not 
removed by the perfusion or lysed by the hypotonic 
resuspension medium were found in between the plasma 
membrane and nuclear bands. The gradient was therefore 
altered to separate them from the plasma membrane (Pig. 3*1 
This gradient change resulted in a very slight increase 
in the contamination of the plasma membrane region by 
mitochondria (Table 3.12) and the recovery of the plasma 
membrane fragments in a rather broad band.
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Pig. 5.17. Pattern obtained after centrifugation of a crude 
nuclear fraction,prepared from perfused rat liver, for 1 h at
5,700 revs/min in an A-XII zonal rotor. The livers were 
hofeogenised in 0.25 M sucrose; the crude nuclear fraction wa® 
resuspended in 0.08 M sucrose. Gradient form A II. All solutions 
contained 5 mM NaFCO^. For a key to the symbols, see the endpaper
TABLE 3.12
Influence of the homogenisation and resuspension 
media on the material recovered in the plasma membrane 
peak after centrifugation of a crude nuclear fraction 
prepared from perfused liver.
Concentration of 
sucrose for
No. of Percentage of activity peak 1: 
expts •
mogen-
ation
Resusp­
ension Protein AMPase C6Pase Suce.ID
0.08 0.08 1 5.9 25.2 5*5 2.7
0.12 0.12 6* 3.0 15.0 3.2 2.4
0.25 0.08 2 10.0 34.2 6.4 4.6
0*25 0.25 A 10.4 37.7 8.3 4.7
In these experiments the location of the plasma membrane 
peak was judged from the trace, otherwise the plasma 
membrane region was taken as lying between ‘ 
densities 1.155 and 1.19.
However, this was more than compensated for by the 
removal of contamination by red blood cells and the 
aggregated material. Preparation of the sample by this 
method also seemed to overcome the problem of nuclear 
lysis that caused the poor yield of plasma membrane in 
the early experiments with perfused liver (Table 3.12)«
With the change of gradient, not one, but two new 
peaks were found in the region between the plasma membrane 
and the nuclei (Pig. 3.18). The denser of these peaks
Ar
bit
ar
y 
sc
al
es
——o——
——gv  &,— —@-- ----A—
■d4= 1.172
Rotor volume
Pig. 3.18. Pattern of the pi a sma membrane and red “blood cell 
regions showing the position of fragments of connective tissue.
A) Nuclear fraction prepared from a filtered homogenate and re 
resuspended in isotonic sucrose. B) Nuclear fraction prepared
from an unfiltered homogenate. The red cells were lysed *by |
■']
resuspension in 0.08 M sucrose. C) Nuclear fraction |
prepared from a filtered homogenate and resuspended in 0.08 M
sucrose. Connective tissue fragments are heleived to account
for the material,density 1.185, which shows S'-nucleotidase ;
activity. ■ '  I
 ..  ^ S’-nucleotidase " "• haemoglohir650 nm
277.
was identified as red blood cells by the presence of 
haemoglobin (Pig. 3.18c), but the lighter of the two 
was only identified when the sieving of the homogenate 
was omitted inadvertently. In this experiment the lighter 
band was much enlarged and coincided with a new po-^ k of 
5‘-nucleotidase activity (Pig* 3.18b ), This indicates 
the presence of connective tissue fragments, normally 
removed to a very large extent by the initial sieving, 
but known from cytochemical work to be rich in 5 ‘-nucleotid 
(for further discussion see the chapter of ‘Distribution 
of Material through the Zonal Gradient1 in this section of 
this thesis).
Later still in these studies it was found that it 
was not even necessary to resuspend the nuclei in hypotonic 
sucrose to obtain free plasma membrane fragments, provided 
that the liver had been perfused before homogenisation.
The completely isotonic procedure, which resulted from 
this observation is described fully later; The
only difference between it ard the previous method is 
- the us e of 0.25 M sucrose instead of 0.08 M 
sucrose to resuspend the nuclear fraction. The distributio 
of enzymes after centrifugation for one hour at 3?700 rev/m 
in a zonal A-XII rotor of a preparation made under these 
conditions is shown in Pig. 3.19. The red blood cell 
peak is much more pronounced in the absence of any lytic 
treatment and contains most of the haemoglobin left in 
the liver after perfusion. It should be noted that the 
measurement used for haemoglobin, the height of the haem 
band in the spectrum of the fraction, is not specific
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Pig. 3.19. Pattern obtained after centrifugation of g crude
! Ptiolear fraction, prepared from perfused rat liver, for 1 h at
3,700 revs/min in an A^ZII zonal rotor. The livers were . >«
homogenised, and the sample resuspended, in 0.25 M sucrose. 
Gradient form A II. All solutions contained 5 mM NaFCOg. For 
a key to the symbols, see fbe endpaper.
and in particular, the ’haemoglobin* indicated in the 
mitochondrial region is probably mitochondrial cytochromes. 
Comparison of Fig. 3.17 and 3.19 shows the absence in 
the latter of a shoulder of acid phosphatase activity at 
the position of the original sample, which indicates that 
lysosomes do not breakdown under the isotonic conditions.
Centrifugation of isotonically prepared crude nuclear 
fraction proved a reproducible method for preparing a 
plasma membrane fraction, and in addition, the absence of 
exposure to hypotonic solutions meant that the fractionation 
achieved under these conditions was fully comparable 
with other methods of cell fractionation and could therefore 
be used to study the distribution of enzymes and protein 
amongst different cell organelles.
ii) Further Purification of Plasma Membrane
Because of the reduced density of the plasma membrane 
fragments prepared from perfused liver, as compared with 
those from unperfused liver, the density of the flotation 
medium could be reduced to 1.19. In some experiments, CsCl 
was added in an attempt to improve the purity of the 
fraction by removing endoplasmic regiculum fragments 
(Dallner, 1964). However, as can be seen from Table 3«13 
no success was achieved. The Cs+ ions increased 
the densityboth of fragments containing 5’-nucleotidase 
and of those containing glucose-6-phosphatase, necessitating 
an increase in the density of the flotation medium to lo20. 
This caused an increase in the amount of glucose-6- 
phosphatase in the pellicle and a lowering in the 
purification of nucleotidase (Table 3.13).
TABLE 3.13
Effect of varying the density of sucrose and the 
effect of caesium chloride in the final flotation medium.
Recovery of material in the pellicle 
(Purified p m fraction)
Density Gone Percentage in pellicle
of CsCl
medium AMPase G-6-Pase Succ.D'ase Protein
1.19 0 76.0 ± 3.7 36.3 ± 10.4 10.2 * 1.0 44.6 ± 5
(5) (5) (5) (5)
1.19 20 m  24.7 7.0 35.0 26.0
(1) (1) (1) (1)
1.20 20 aM 56.1 ± 4.6 61.2 £ 5.7 19.5 £ 7.1 44.8 ± 6
(4) (4) (4) (4)
Overall recovery from Flotation step
1.19 0 84.4 ± 3.2 48.9 ± 11,5 83.5 £ 15.6 73.1 - 5
(5) (5) (5) (5)
1.19 20 mM 77.5 43 118 120
(1) (1) (1) (1)
1.20 20 mM 81.4 ± 4.3 79.3 £ 3.6 71.0 ± 15.5 89.8 ± 1
(4) (4) (4) (4)
In interpreting the results shown in Table 3.13 it 
should be pointed out that the pellicle was recovered as 
completely as possible using a bent pipette, then the 
liquid left in the tube, together with any material which 
may have been suspended in it was discarded leaving 
the pellet. The upper part of Table 3.13 shows the
proportion of the activity recovered in the pellicle, 
and the lower part gives the total activity recovered 
(the activity in the pellicle and in the pellet added 
together) as a percentage of the amount loaded. As can 
he seen, the mean recovery is normally excellent, except 
for glucose-6-phosphatase activity when the flotation medium 
is of density 1.19# This density is close to the 
isopycnic density of rough endoplasmic fragments, and in 
addition, fragments containing glucose-6-phosphstase are 
likely to be among the smallest present. Both factors 
will tend to make the movement of the particles very slow., 
with the result that a high proportion of the fragments 
will not have reached either the pellet or the pellicle 
and so will be discarded with the intermediate fraction,,
The large variation in the recovery of all enzymes except 
5’-nucleotidase is due to the very low activities making 
the assays rather inaccurate.
In general, the less the starting fraction is exposed 
to hypotonic conditions, the greater the final purification 
of the plasma membrane fragments, (Table 3.14), although 
the interpretation of some of these results is complicated 
by the use of caesium chloride.
Howeveer, comparison of the results shown in Table 3,Id 
with each other, and with the results shown in Table 3.11 
show clearly that the protein which is removed, as shown 
by the rise in the specific activity of 5’-nucleotidase 
during ’improvements’ in the method,is not associated with 
any of the other marker enzymes studied.
1ABLE 3.14
Effect of changes in experimental conditions on the 
purity of the final plasma membrane preparation.
Activ:
Sueo o
D ' aoe
0,, 07 
0*10 
0,12
As the presence of casesium chloride did not seem to 
cause any change in the purity of the final plasma 
membrane preparation, results with and without CsOl 
have been pooled in this group.
Concentration of Ions in Flotation Relative Specific 
sucrose for Med. No.Expts.
Homogen­
isation
Resusp­
ension
AMPase G-6-Pase
M M
0.12 0.12 20 mM CsCl* 5 17.3 0.88
0.25 0.08 20 mM CsCl 7 26.8 0.43
0.25 0.25 None 5 32.3 0.49
iii) Properties of the Purified Plasma Membrane Fraction
The chemical composition and the enzyme content of 
rat liver plasma membranes have been studied by various 
authors, with results summarised in the Discussion section* 
In view of the information thus gathered, we have 
concentrated on other studies, notably immunological 
(Allen, 1969) and cytochemical (Fitzsimons, 1969) studies, 
and on experiments described later, whose aim was to give 
a quantitative description of the distribution of enzymes 
among the various cell fractions*
The results given in Table 3.15 show that the degree 
of purification of 5’-nucleotidase activity in the plasma 
membrane fraction is consistently high, although the low 
yield creates doubts as to whether the product is fully 
representative of the plasma membrane as a whole* The 
measurements of succinate dehydrogenase and acid 
phosphatase activities show little.©outamination of the 
fraction by mitochondria and lysosomes. There is,however, 
a significant amount of glucose-6-phosphatase activity 
present. The ultrastruetural location of this material 
was examined by cytochemical staining of the isolated 
fractions (Fitzsimons, 1969). This indicated that the 
material containing glucose-6-phosphatase was associated 
with vesicles, which lay against the sheets of membrane bur 
^ete not continuous .with them. It was concluded that the 
fraction was really contaminated with vesicles of the 
endoplasmic reticulum to the extent indicated by the 
amount of glucose-6-phosphatase activity. This conclusion 
was strengthened by preliminary experiments on the
(CABLE 3 >15
Purification and recovery of various marker enzymes 
at various stages in the preparation of a plasma membrane 
fraction from perfused liver.
51-nucle o tid as e Specific activity 
^.Moles/* \\ -/mg prot..
Yield
*
Puri-
ficati
Homogenate 3.84 - 0.43 (6) 100 i
Nuclear fraction 9.98 ± 0.97 (6) 34.8 ± 3.27 (6) 2,6
Zonal p m 31.D ± 6.25 (5) 7.83± 0.70 (5) 13,3
Purified p m 124.1 ± 11.23 (5) 6.02± 0.75 (5) i •-> i
G-lucose-6-phosphatase
Specific activity Yield Puri-
pMoles/; h ./mg prot* io fieatio
Homogenate 3*00 - 0*54 (6) 100 1
Nuclear fraction 4.42 - 1*45 (5) 12.94 - 3.06(5) 1.49
Zonal p m  1.94 - 0.51 (5) 0,32 - 0.10 (5) 0,65
Purified p m 1.48 i 0.50 (5) 0,09 ± 0.02 (5) 0.49
Succinate Dehydrogenase
Specific activity Yield Puri-
p. Moles/: H ./mg prot. fo ficatio
Homogenate 1.60 i 0.10 (6) 100 1
Nuclear fraction 1.87 - 0.12 (6) 17.6 ± 2.56 (6) 1.17
Zonal p m  0.74 - 0.07 (5) 0.23 - 0.08(5) 0.46
Purified p m  0.19 - 0.04 (5) 0.02 ± 0.01(5) 0.12
Acid ^-glycerophosphatase
Specific activity Yield Puri-
p Moles/: K /mg prot. fo ficatio
Homogenate 2.30 - 0.20 (6) 100 1
Nuclear fraction 1.86 £ 0.23 (6) 12.3 ± 1.28 (6) 0.81
Zonal p m 0.766^ 0.07 (5) 0.127- 0.01 (5) 0,33
Purified p m 0.776 i 0.08 (5) 0.059- 0.01 (5) 0.33
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TABLE 3.16
The ENA of the Plasma Membrane Erection prepared from 
Perfused Liver.
Purification and 
of the fraction.
Recovery of RNA during the preparation
RNA
mg/mg protein
Yield
1°
Purification
Homogenate 
Nuclear Fraction 
Zonal p m 
Purified p m 
(Microsomes )
0.0429 
0.0386 
0.0180 
<0.001 
0.103
(2)
(2)
(3)
(1)
(100) 
11.6 
0.685 
< 0.05
(1)
0.9
0.42
<0.03
Labelling of the RNA from different fractions.
Run Labelling 
No. time
RNA specific activity^ arbitary 01V
Microsomes^ Region 1^ IV~ VII ^
(Microsomal) (Plasma ' _/
membrane) Nuclei p m
N86A 20 min. 0.39 - 0.55 28
N41A 40 min.4 0.535 6.8 6.6 40.5 2.0
N79A 55 min. - 7.85 3.13 36.2 -
1
Microsomal fraction prepared by differential centrifugation.
2Regions from zonal run. See Table 4’.. 2.
JSo little RNA was found that no meaningful value could 
be calculated.
^Preparation from unperfused liver.
\
TABLE 3 • 1*7
Purification and recovery of various phosphatases during 
the preparation of a plasma membrane fraction from parfused 
liver.
All the results are based on duplicate assays for a 
single experiment.
p-nitrophenylphosphatase pH 5.0
Specific activity Yield Purificati
p. Mo le s/ k ;/mg pro t.
Homogenate 3.43 (100) (i)
Nuclear fraction 3.37 15.6 0.98
Zonal p m 2.86 0.50
olCO•o
Purified p m 4.12 0.185 1.20
p-nitrophenylphosphatase pH 7.2
Specific activity Yield Pur if icati'
ji Moles/. kc,/mg prot. 1o
Homogenate 0.53 (100) (1)
Nuclear fraction 0.54 16.2 1.02
Zonal p m 1.77 1.9 3 c 34
Purified p m 2.48 1.1 4.67
p-nitrophenylphosphatase pH 8.8
Specific activity Yield Purif icatii
pMo le s/ k /mg pro t. *
Homogenate 0.198 (100) (i)
Nuclear fraction 0.330 24.4 1.66
Zonal p m 1.21 3.52 6,10
Purified p m 1.60 1.82 8.. 10
B-glycerophosphate pH 9.6
Specific activity Yield Purif icatii
pMoles/ k ,/mg prot. *
Homogenate ^0.01 (100) (1)
Nuclear fraction 0.033 vx 50 • 3
Zonal p m 0.342 ^  11.9^34.2
Purified p m 0.430 ^  13 .SM 3
labelling of the small amounts of RNA present. These 
results indicated a very close resemblance between the 
RNA of the plasma membrane fraction and that of the 
microsomal fraction (Table 3*16). Apart from these 
contaminating organelles, immunological studies sncwed that 
the fraction contained adsorbed proteins, deriving both 
from the cytoplasmic fraction and, even if the liver had 
been perfused, from serum (Allen, 1969). Table 3.'17 shows 
the results of some preliminary experiments on the 
phosphatases of the plasma membrane fraction. The results 
for p-nitrophenolphosphatase, measured at acid, neutral 
and alkaline pH values, show that the plasma membrane 
possesses activity at all pH values, but that the activity 
is highest at pH 5. However, whilst the activity at pH 5 
is only a small portion of the total activity in the cell* 
most of the activity at pH 9 is in the plasma membranes. 
Normal livers show almost no activity towards 
^-glycerophosphate at pH 9, but the very small amount of 
activity which is present, is apparently mostly in the 
plasma membrane.
E) Distribution of Material in the Zonal Gradient
Fig. 3.39 shows the distribution of marker enzymes 
after centrifuging a crude nuclear fraction, prepared 
from perfused liver homogenised in 0.25 M sucrose, and 
resuspended in the same medium for 1 hour at 4,000 rev/ruin, 
in an A-XII zonal rotor. In previous sections, organelles 
other than the plasma membrane, have been considered only 
as contaminants of the plasma membrane fraction. If,
however, the distribution of enzymes in the cell Is bo be 
assessed from their distribution in the zonal gradient, 
the position of the other organelles in the gradient must 
be considered more carefully. The fractions were examined 
by three methods, viz light microscopy, electron microscopy 
and enzymology. The results of the electron microscopic 
studies have already been reported (Fitzsimons, 1969), 
the results obtained by the other two methods will now 
be presented.
Examination of Fig. 3.19 shows the presence of a 
very small peak supposedly due to protein in the first 
tube of the gradient. This peak was much more pronounced
in the trace of the extinction at 650 nm made .during
<_
displacement of the gradient. Material in this region 
was opalescent and no enzyme activities were detected,,
It is almost certainly composed of lipid droplets which 
have floated back from the sample region.
The large peak of protein at tube 4 in Fig. 3.19 
covers the region which would be occupied by particles 
which have not moved significantly from the sample position.. 
Part of the material from this region can,however, be 
pelleted by centrifugation for 1 hour at 30,000 revs/min. 
Electron microscopy of this pellet shows small vesicles* 
some covered with ribosomes, in fact a typical microsomal 
fraction. This identification is supported by the 
presence of a large part of the total of glucose-6- 
phosphatase activity In this region. A distinct peak 
of 51-nucleotidase activity was also present.
The nature of the particles carrying nucleotidase 
activity was examined during the early experiments at 
the Chester Beatty Research Institute, by recentrifuging 
material from this region for 3 hours at 40,000 re.vs/min, 
in a B-IV zonal rotor in the presence of 5 mM MgClg*
Under these conditions, microsomes are banded isopycnieslly 
and plasma membrane and endoplasmic reticulum fragments 
are separated. The results of this experiment are shown 
in Fig. 3*20. The distribution of nucleotidase activity 
is very similar to that seen when a conventional microsomal 
fraction is fractionated in the same way. The presence of 
a small amount of protein and nucleotidase activity at 
the original sample position indicates the presence of 
soluble proteins and possibly the release of some 
nucleotidase from the membranes. The major part of the 
nucleotidase activity however, is banded in the gradient 
at a very much lower density than the major part of the 
protein. This indicates that the nucleotidase activity 
is due to plasma membrane fragments, not to the vesicles 
deriving from the endoplasmic reticulum which make up 
the major part of the fraction. In early experiments, 
the Microsomal1 region separated in the A-XII rotor was 
very rich in nucleotidase activity relative to the amount 
of glucose-6-phosphatase. This indicates breakdown of 
the plasma membrane sheets some time after the preparation 
of the nuclear fraction. In later experiments, especially 
when completely isotonic conditions were used, the ratio 
of the two activities dropped to become the same as in a 
microsomal fraction. Therefore the material in the first
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Pig, 3,20, Pattern obtained after centrifugation of material 
from the first (microsomal) peak from an experiment similar to 
that shorn in Pig, 3.14, for 165 min at 40,000 revs/min in a 
B~IV zonal rotor. The gradient contained 5 mM Tris pP 7.4 and 
5 mM MgClg.
- ®28q nm  .... Density-•( 2 0 * ' 5f-nnclcotidas
peak in Pig, 3,19 is almost entirely composed of 
mierosomes and soluble proteins which were physically 
trapped in the original nuclear pellet and thus further 
breakdown on suspension of the nuclear fraction is clearly 
negligible.
The pattern of acid phosphatase activity indicates 
that lysosomes are concentrated in the gap between the 
first and second main protein peaks„ Electron microsooyy 
showed that material pelleted from this region was indeed 
enriched in lysosomes, but that these still only formed 
a small proportion of the total particles,for mitochondria
j
and microsomal vesicles occupied most of the field of view.,
light microscopy of the material composing the second 
main protein peek showed the presence throughout the peak 
of numerous small round particles. There was however, 
a distinct difference in size between the particles at 
the slow ana fast sedimenting edges of the peak. The 
front half of the peak was made up almost entirely of these 
rounded particles, here about 1.2 microns in apparent 
diameter. (Eig. 3.21A). No other recognisable component 
could be seen with the light microscope. Electron microsec 
confirmed the *dotsf to be mitochondria, but showed, in 
addition, strips and vesicles adhering to the outer 
membranes of the mitochondria. The mitochondria 
themselves showed little sign of damage, the cristae and 
outer membranes being well preserved.
The biochemical results agree well with the morphologi 
observations, the adhering strips of endoplasmic reticulum 
explaining the distinct, though fairly small peak of
Legends to 
Fig. 3-21.
Fig. 3-22.
Fig. 3-23- 
Fig. 3-2t,
Fig. 3-23-
Fig. 3-26.
Fig. 3*27.
Figs. 3-21-3-24
A) Mitochondria from the central part of the mitochondrial 
peak (X 1130).
B) Mitochondria and small sheets of membrane from the fast 
sedimenting edge of the mitochondrial peak (X 1150).
A) Plasma membrane sheets and free mitochondria from the light 
side of tie mitochondrial region (X 310).
B) Plasma membrane sheets containing trapped mitochondria from 
the dense side of the mitochondrial region (X 310).
Plasma membrane sheets showing trapped mitochondria (X 1023)
A) Connective tissue retained on the sieve during the initial 
filtration of the homogenate (X 236).
B) Connective tissue? from the region between the plasma membrane 
and red blood cell bands (X 460).
C) Erythrocytes and starch grains? from the red blood cell peak
(x  310).
A)'Rafts’ of nuclei from material banded at the end of the 
gradient ; (X 310).
B) Hepatic cells from material banded at the end of the gradient
(X 800).
A) Kuppfer cell? from material banded at the end of the gradient 
(X 1410).
B) Connective tissue from the material banded at the end of the 
gradient (X 362).
C) Fibroblasts? from the material banded at the end of the 
gradient (X 362).
A) Nucleus inside the membrane bag. From material banded at the 
end of the gradient (X 1273)-
B) Enucleate cellt from material banded at the end of the 
gradient (X 1275)-
C) Hepatic cells with the membranes of the adjacent cells still 
attached, from material banded at the end of the gradient (X 1410)
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glucose-6~phosphatase activity found in this region. The 
endoplasmic reticulum fragments must have been carried 
to this region of the gradient by the mitochondria * fcr 
electron microscopy showed them to be too small to have 
sedimented so far on their own.
The second part of the 1mitochondrialf peak is much 
more heterogeneous Light microscopy showed small sheets of 
membrane among the mitochondrial dots (Fig. 3.21b)?and the 
latter were signficantly larger than the similar particles 
from the early part of the peak, having an apparent diameter 
of 1.8 microns. These estimates of diameter, obtained from 
light micrographs, are of course worthless as absolute 
values, because they are so close to the resolution limit 
of the light microscope. They are,how ever, valid for 
comparative purposes. Electron microscopy of material 
pelleted from this region showed large, swollen mitochondria 
many lacking their outer membranes, and with disrupted 
cristae. The enzyme pattern of this region was variaule. 
Succinate dehydrogenase activity was always present, hut 
there were considerable differences in the amounts of 
nucleotidase. Sometimes this was completely absent, as 
in the experiment shown in Fig. 3.19; sometimes a distinct 
shoulder of activity appeared as in Fig. 3.17. It should 
be noted that, though the latter run is on material 
resuspended in 0.08 M sucrose, there was no correlation 
between the presence of nucleotidase activity in this 
region and the choice of resuspension medium.
The plasma membrane peak, the third main protein 
peak, is also heterogeneous. Sheets of membrane and 
mitochondrial are found throughout the peak, but In differer 
proportions and with different relationships. In the 
earlier part of the peak, fairly small sheets of membrane 
are found interspersed with a few rounded particles, 
probably swollen mitochondria (Fig. 3.22A). In later 
fractions, large sheets of membrane, clearly deriving from 
several adjacent cells are found. In this region, the 
Mitochondria1 are not free, but are attached to or trapped 
in some of the sheets of membrane (Fig. 3.22B). The 
arguments for the ’trapping* hypothesis have already been 
presented. Fig. 3.23 gives a representative view of the 
central part of the region showing both free sheets of 
membrane and sheets contaminated with trapped mitochondria. 
Electron microscopy of the fraction does not give much 
additional information because of the difficulty of 
interpreting the tangled array of sheets and vesicles :Ln 
terms of their morphological origin, with the exception 
that intact bile canalculi are revealed, held together 
by the intracellular fibrous net found in this region of 
the cell, and by their terminal bars. The enzyme pattern 
shows that while mitochondrial contamination can be readily 
detected . in the light microscope, quantitatively it is
of very little importance compared with the number of
*
endoplasmic reticulum fragments, • indicated by 
glucose-6-phosphatase activity, which are present.
Whilst plasma membranes prepared from unperfused livers 
were reddish in colour, due to the presence of absorbed
haemoglobin, plasma membranes prepared from perfused liver 
were colourless, and only showed the faintest traces of 
a haemoglobin spectrum. (Fig. 3.28). However, the presence 
of adsorbed serum and cytoplasmic proteins was, as mentioned 
earlier, detected immunologically.
If the red blood cells had been lysed by resuspending 
the crude nuclear fraction in 0,08 M sucrose, two small 
peaks were noticeable in the region following the plasma 
membrane peak when the extinction at 650 nm was monitored 
during the displacement of the gradient (Fig. 3.18). The 
first of these has been provisionally attributed to 
connective tissue fragments. However, if the homogenate 
is filtered, the majority of these are retained (Fig* 3*24A) 
and it was then difficult to recognise connective tissue 
fragments in this region (Fig. 3.24B), The second small 
peak is clearly due to those red blood cells which have 
survived the perfusion of the liver.- They can easily be 
identified by their spectrum (Fig. 3*28) and by their 
appearance (Fig. 3.24C) although they are very shrunken 
due to the high concentration of sucrose. A number of 
unusual objects were noticed in this region and can also 
be seen in Fig. 3.24C. They have been tentatively 
identified as starch grains, possibly deriving from the 
sucrose used to form the gradient.
Although the final region of the gradient contained 
a high percentage of nuclei, usually aggregated in large 
rafts (Fig. 3.25A), it also contained a smaller number of 
other structures, whose presence explained the large amount
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Fig. 3.23. Visible and ultraviolet ab so ration spectra of 
material separated from a crude nuclear fraction b;£ 
centrifugation in an A-XII zonal rotor. A and 0) Red “blood 
cell region (tube 25, Pig. 3.19). B and D) Plasma membrane 
re ion 'tube 20 Pi 3 19'
of nucleotidase activity found in this region, and shed 
some light on the process of cell breakage. A number of 
whole cells were found, both hepatic cells (Pig. 3.25B) 
and examples of the other cell types present in the liver 
(Pig. 3.26). Often these cells were tangled together with 
nuclei, connective tissue and free sheets of plasma membrane. 
Par more interesting than these aggregates were the cells 
seen with the membranes of adjacent cells hanging from 
them (Pig. 3.27. i) and the partially broken cells, some of 
which have lost their nuclei but have retained most of their 
cytoplasm (Pig. 3.27B), whilst others retain only the 
nucleus in an otherwise empty bag (Pig. 3.27 ). These 
structures are carried to the high density at which they 
are found by the weight of the nucleus, or, if the membrane 
has resealed, b3r the weight of the soluble proteint It 
is clear therefore why such a large proportion of 
nucleotidase relative to the amounts of other enzymes is 
found in this region. During homogenisation with a 
Potter-Elvehjam homogeniser, as used in these experiments, 
the plasma membrane of the cell is clearly torn, but not 
smashed into small fragments. Hence the membrane is not 
released from its contents; rather these are washed out 
of it and thus, the plasma membrane will not be obtained 
free until almost all the contents of the cell have been 
removed.
These experiments yield no evidence that any of the 
marker enzymes used in this study have a dual distribution, 
Whereas with 5■-nucleotidase, there is enzyme activity in 
more than one region of the gradient, there is independent
305.
evidence for the presence in that region of the appropriate 
organelle. Hence the location of other enzymes and 
subcellular constituents in the large organelles of the 
cell can be established from their patterns in the zonal 
gradient, by comparison with the distribution of ■marker5 
activities. The distributions of ENA, both total BHA and 
the newly synthesised portion, were examined in this way 
(Mg, 3.29)
The locations of some enzymes were investigated (Pig.
3.30 to 3.32). The distribution of uricase shows there to 
be essentially no contamination of the plasma membrane 
region by microbodies, Of the other enzymes examined, 
alkaline p-nitrophenylphosphatase, alkaline b is-p-nitro phenyl** 
phosphatase and adenosine diphosphatase had distributions 
very similar to that of 5r-nucleotidase and would seem 
to be located mainly in the plasma membrane. The other 
enzymes examined, acid and neutral p-nitrophenyl~phosphatase, 
acid bis~p~nitrophenyl^phosphatase, uridine diphosphatase 
and inosine diphosphatase have more activity in the plasma 
membrane region than would, have been expected if they 
were simply located in contaminating organelles. However, 
the proportion of their total cellular activity found in 
the plasma membrane region was less than the proportion 
of 5f-nucleotidase found in this fraction, which indicates 
that the enzymes are distributed between more than one 
organelle.
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Pig. 3.29. Distribution of A) KM A and B) rapidly-labelled KM A
14
(45 min after infection of 6- C orotic acid) after 
centrifugation of a crude nuclear fraction in an A-XII zonal 
rotor. For further details see Pig. 3.19.
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Legends to Pigs. 3-30-3*32 307*
Fig* 3*30. Distribution of p-nitrophenylphosphatase activity 
at A) pH 3*0, B) pH 7.2 and C) pH 8.8 after centrifugation of a 
crude nuclear fraction in an A-XII zonal rotor. For further 
details see Fig. 3*19*
^ ------ X enzyme activity   protein   density (20°)
Fig. 3.31. Distribution of nucleoside diphosphatase activity 
using A) ADP, B) DDP and C) UDP as substrate, after centrifugation 
of a crude nuclear fraction in an A-XII zonal rotor. For further 
details see Fig. 3-19*
^ e n z y m e  activity------  protein--- «c.  density (20°)
Fig. 3*32. Distribution of bis-p-nitrophenylphosphatase (phosphodiester
activity at A) pH 3*0. B) pH 8.8 and C) of Uricase activity after 
centrifugation of a crude nuclear fraction in an A-XII zonal rotor.
For further details see Fig. 3*19*
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P) Zonal Centrifugation of Hepatoma Homogenates
In general, the pattern obtained after centrifugation 
of a rat hepatoma homogenate in an A-XII zonal rotor is 
very similar to that obtained after centrifugation of a 
rat liver homogenate (compare Pigs. 3.33 and 3.7). There 
are, however, three important differences. The mitochondria 
in tumour are smaller, necessitating longer centrifugation 
to separate them from the lysosomes and microsomes; thero 
is a much greater percentage of material in the ’junk:1 
banded against the cushion; and there is practically no 
plasma membrane in the expected position, although there is 
some connective tissue in this region (Pig. 3.34C and D). 
Examinations of the material banded at the end of the 
gradient reveals a large number of unbroken cells,
(pig.3o3:>y but all seem to have 'clean edges’, suggesting 
that the intercellular links in this hepatoma are so weak 
that the tissue disrupts initially into single cells. Y/hen 
these are finally broken, the membrane fragments formed 
are too small to sediment into the expected position. The 
presence of 5’-nucleotidase activity (Pig. 3.33) and small 
sheets of membrane (Pig. 3.34 A and B) in the ’mitochondrial- 
region supports this hypothesis. It was, therefore, 
concluded that the A-XII zonal rotor was not a suitable 
tool for preparing plasma membrane from hepatoma.>
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Fig. 3.33. Pattern obtained after centrifugation of a rat 
hepatoma homogenate for 90 min at 3,700 revs/min in and A-XII 
zonal rotor. The hepatoma was ho&ogenised in 0.25 M sucrose. 
Gradient fom A II. All solutions contained 5 mM NaFCOg. For 
a key to the symbols see tv>e endpaper.
Legends to Figs. 3-3** & 3.35. 313.
Morphology of fractions separated from a hepatoma homogenate by 
centrifugation in an A-XII zonal rotor. For the enzyme pattern see 
Fig. 3o33«
Fig. 3.3^ A) Material from fraction 15 (X1128).
B) Material from fraction 18 (X 800)
C) Material from fraction 21 (X 510).
D) Material from fraction 2k (X 800).
Fig. 3«33» A) Material from fraction 32 (X 8(X))i
B) Material from fraction 32 (X 400) ^
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3/ Fractionation of Subribosomal Particles
a) Separation of Subribosomal Particles in the 
Zonal Centrifuge
Our interest in subribosomal particles began with 
the observation that, after fractionating micros omeL' on a 
B~IV zonal rotor, the rapidly labelled RITA,was concentrated 
in the region of the smooth endoplasmic reticulum (Figo 3*36)< 
If magnesium ions were present in the gradient, the smooth 
endoplasmic reticulum fragments were increased in density 
and banded with the rough membranes at the end of the gradient 
leaving plasma membrane fragments and other, unidentified 
fragments in the central region. A distinct peak of rapidly, 
labelled RRA was still found in this region (Fig. 3.37)°
At that time, this observation'was not followed up, for our 
attention was devoted to attempts to remove the contaminating; 
membraneous material from the plasma membrane region. The 
results of these experiments have been described elsewhere 
(Fitzsimons, 1969).
Our interest in the RRA of the ’smooth membrane’ region 
revived some time later, when methods for examining small 
quantities of RRA became available in this laboratory.
It was realised that the peaks of rapidly labelled RRA in 
the early experiments could have been due to freely 
sedimenting ribonucleoprotein particles. This hypothesis 
was strengthened by calculation of sedimentation coefficients 
assuming a density of 1.4, the density of ribonucleoprotein 
particles in sucrose (Peterman, 1963). The position of 
the rapidly labelled peak was consistent with its being
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Fig. 3*36, Pattern obtained after centrifugation of a
rat liver post-lysosomal-fraction for 150 min at 40*000 revs/
min in a B-IV zonal rotor. The rats were injected with 
14
4 p.C of C-orotic acid each, 20 min "before killing. No 
Mg++ ions added to sample or ■ gradient. ' For the symbols used 
see the endpaper.
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Fig. 3.37. Pattern obtained after centrifugation of a rat
liver post-lysosomal fraction for 8 h at 40,000 revs/min in
£ B-IV zonal rotor. The rats were injected with 4 jxC of 
14
C-orotic acid each, 20 min “before killing. 5 mM MgOlg 
added to sample and gradient solutions. For the symbols used 
see the endpaper.
due to a particle sedimenting at 40 S, the size of the small 
rihoscmal subunit. The two possible hypotheses about the 
rapidly labelled ENA in this region, Viz that it was 
present in small, relatively dense particles, or that it 
was actually located in the vesicular material present in 
the plasma membrane region, were tested by centrifugation 
in a B-XV zonal rotor for a relatively short time, in order 
to separate the large vesicles from the small particles,
In the experiments mentioned in the first paragraph, the 
centrifugation conditions were designed to band-the vesicles 
isopycnically, giving the small particles time to ’catch 
up* with them. The results of a 3 hour centrifugation 
at 21,000 revs/min. in a B~XV zonal rotor are shown in 
Fig. 3>38. The rapidly labelled RIVTA is clearly not 
associated with the membranes.
Up to this time in the work, it had been assumed that 
the presence of radioactivity in the RNA extract, made after- 
precipitating and washing with dilute acid, does actually 
indicate the label incorporated into ENA. It has, however, 
been shown that highly labelled nucleotides can adhere to 
REA during its isolation by phenol extraction (Tsanev at alc 
1966) and it seemed possible that similar adhesion could 
occur during acid precipitation. To test this possibility, 
RNA from the centre and leading edge of the radioactivity 
peak in a run similar to that shown in Fig. 3.38, was 
hydrolysed with 0.3 N KOH after precipitating and washing 
with acid in the normal way. The hydrolysate was then 
examined by paper chromatography, using a solvent system- 
which will separate 3f and 5’-nucleotides. Details are
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Pig. 3.38. Pattern obtained after centrifunation of g rat 
liver post-lysosomal fraction for 5 h at 21,000 revs/frlin in
£ B-XV zonal rotor. Fhe rats were injected with 4 (iC of
14 ++C-orotic acid each, 20 min before killing. No Mg ions oere
added to sample or gradient solutions. For the symbols used
see the endpaper.
given in the Material and Methods section. 5!-UMP
and a mixture of 2!~ and 3f*-UMP were used as standards,»
In some experiments, the 51-OTP was added to the experimentt
tU \/.
fractions to act as a carrier and internal^standard. The 
RNA hydrolysate was separated by the solvent system into 
two ultra-violet absorbing spots, corresponding in position 
to the purine and pyrimidine nucleotides. Both spots ran 
ahead of the 5f-TJMP marker. The faster moving of the two 
spots ran parallel with the mixed 2f- and 3l~UMP marker.
The distribution of radioactivity was examined either by 
ringing the ultra-violet peaks with radioactive ink, and 
then setting up for autoradiography (Pig. 3.39A) or by 
cutting the chromatogram into sections and counting these 
in a scintillation counter (Pig. 3o39B and C). The 
results showed the radioactivity to be in the 2f~ and 3 J~ 
nuc3.eotides, and therefore to derive from RNA.
The particles containing the rapidly labelled RNA 
were examined further by more prolonged centrifugation in 
the B-XV zonal rotor using a modified gradient, designed 
to band all membranous vesicles on the cushion. After a 
6 hour centrifugation at 21,000 revs/min., all the 
microsomes have reached the end of the gradient (Pig. 3.40; 
Monomeric ribosomes can be seen as a small peak at about 
tube 15, but the particles carrying the rapidly labelled 
RNA have hardly separated from the sample region. There 
is no trace of rapidly labelled particles sedimenting 
faster than monomeric ribosomes. The asymmetry between 
the distribution of RNA and enzymes in the final peak is 
due to the presence of free polysomes which sediment faster 
through the dense sucrose at the end of the gradient than
<:
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Fig, 3,39, Examination “by paper chroma to graPhy of a hyflroiv sate 
of RNA isolated from fractions 4 and 6 of a separation similar 
to that~sho\vn in Fig. 3,38, A) Autoradiogram, the ultra-violet 
absorbing spots were ringed with radioactive ink.
Analysis "by cutting up and counting chromatograms of B) RITA 
hydrolysate from tube 4 and 0)from tube 6. The arrows mark 
the Rf values of marker nucleotides run in parallel. The area 
under each “block is proportional to the radioactivity in that 
section.
Legend to Fig, 3*^0 323-
Fig, 3.40. Pattern obtained after centrifugation of a 10,000 x £  
(15 min) supernatant prepared from rat liver homogenate for 6 h at 
21,000 revs/min in a B-XV zonal rotor, The rats were injected with
1 £f .
10 pC of C-orotic acid each 45 min before killing. In this and 
subsequent centrifugation, the media used all contained 1 mM MgCl^* 
For a key to the symbols see the endpaper.
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the membranous vesicles which are approaching their 
equilibrium densities.
If centrifugation was extended to 16 hours, then the 
particles carrying the rapidly labelled RNA are clearly 
separated from the soluble protein (Pig. 3.41). An 
interesting feature of the peak of rapidly labelled particles 
is the asymmetry between the distribution of RNA as measured 
by chemical analysis, and the distribution of rapidly 
labelled RNA. This suggests that the peak is heterogeneous. 
The concentration of Mg++ ions in these experiments was 
only 1 mM. No significant dissociation of ribosomes was 
however, apparent and increasing the concentration of Mg++ 
to 5 mM had only a slight effect on the proportion of rapidly 
labelled RNA in the early peak (Table 3.18) and no affect 
on its asymmetric location.
TABLE 3.18
Proportion of the total, and rapidly labelled RNA of 
the liver post lysosomal fraction found sedimenting in 
the f40 S' region when different concentrations of I£g++ 
ions were present in the zonal gradient.
Concentration of Mg++ 5 mM 1- hiM
Percent of material in the 40 S region 
Total RNA 4.86 3.18 - 0„4
(2) (4)
Rapidly labelled RNA (45 min.) 9.7 14.2 ± 1.5
(1) (3)
Rapidly labelled RNA (20 min.) 12.1 22.4
(1) (1)
con. 0-5 10
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Pig. 3.43* Pattern obtained after centr 1 fugation of a
10,000 x £  (15 min) supernatant, prepared from rat liver
homogenate for 16 h in a B-XV zonal rotor. The two rats were
14injected with 7. 5 p.C of C-orotio acid 45 min “before killing. 
For the symbols used see the endpaper.
Due to a fault in the centrifuge, the temperature in 
the run illustrated in Pig. 3.41 was exceptionally high 
(about 12°). If better temperature control is achieved, 
and the gradient is slightly lengthened, then all the 
particles are slightly retarded due to the increased 
viscosity of the sucrose, and particles up to the size of 
ribosomes remain clear of the membrane fragments (Pig. 3.42). 
Three clear peaks, sedimenting at about 40 S, 60 S and 
80 S respectively (the exact values of the sedimentation 
coefficients will be discussed in the next Section) can be 
distinguished. KNA analysis, on the other hand* shows" 
that there is little ribonucleoprotein in the 60 S region, 
the ultra-violet absorption being mainly due to ferritin 
particles.
Later in these studies, we acquired a titanium B-XIV 
zonal rotor, which will attain 47,000 revs/min., as 
compared to the 21,000 revs/min. of the aluminium B-XV 
rotor used previously. This greater speed enabled thfe 
centrifugation time to be cut to under 3 hours. Pig. 3.43 
shows that the separation achieved with this rotor is very 
similar to that obtained with the other rotor. The peaks 
are slightly sharper owing to the shorter centrifugation 
time, though this is, to a large extent, counteracted by 
the smaller size of the rotor. A marked feature of these 
later runs is the enormously high level of ferritin. This 
was probably due to rusting of the water tank which 
supplied the animal unit at Battersea. The animals were 
not affected in any other way.
Legend to Figs. 3-42 & 3-^3 328.
Fig. 3.te. Pattern obtained after centrifugation of a 10,OOP x g
(1.5 min) supernatant prepared from rat liver homogenate for 16 h at
21. (XX) frevs/mih in a B-XV zonal rotor. The rats were injected with
14 i
30 pC of C-orotic acid each 100 min before killing. For a key
to the symbols see the endpaper.
Fig- 3-^3- Pattern obtained after centrifugation of a 10,000 x g
(13 min) supernatant for 163 min at 47,000 revs/min in a zonal B-XIV rotor.
14 .
The rats were injected with 30 y.C of C-orotic acid each 43 min before
killing- For a key to the symbols see the endpaper.
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The distribution of very rapidly labelled RNA was 
examined in the light of reports that ribosomal RNA does 
not enter the cytoplasm until 25 minutes after the 
administration of the radioactive precursor. Rig. 3.44B 
shows that 20 minutes after the addition of the radioactive 
precursor, a very high proportion of the label is In the 
40 S peak:.
As a further test of the nature of the rapidly 
labelled nucleoprotein particles forming the first peak, 
synthesis of ribosomal RNA was halted by injecting the 
animal with a low dose of actinomycin D (0.5 mg/kg body 
weight). After allowing 30 minutes for the adsorption 
of the antibiotic (Lamar et al., 1966) ' ^ C-orotic acid 
was injected. After labelling for two hours, the animals 
were killed and the livers homogenised and fractionated in 
the normal way. Most of the label found in the 40 S region 
disappears (Rig. 3-44A),(compare Rig. 3.42). The RNA 
still labelled under these conditions is mostly either 
4 S or else microsomal. A small shoulder of activity 
does however still seem to be present, sedimenting behind 
the bulk of the subribosomal particles.
Although the central regions of the zonal gradient 
were completely free of glucose-6-phosphatase activity, 
and only possessed negligible 5T-nucleotidase activity 
(Table 3.19)? a more rigorous test for phospholipid 
seemed to be required. ^H-choline (uniformly labelled) 
injected 30 minutes before the death of the animal was 
chosen as a marker (Murty et al., 1968). Amino acids 
were injected at the same time to inhibit the break down 
of choline and the incorporation of its labelled portion 
in protein.
TABLE 3.19
Distribution of material across the zonal gradient 
after the fractionation of a liver post-lysosomal fraction* 
The results are given as a percentage of the material 
recovered from the gradient. The total recovery with hespect 
to the material loaded is also given.
Assay Protein 5’-Nucleo­
tidase
G-6-
phospha­
tase
p-lipid+ Eerriti:
Eegion fo 1o io *
Super- 66,4 - 2.1 17.3 ± 2.5 0,4 2.0 7.8 ±
natent (6) (3) (2) (1) (4)
*40 S1 4.3 - 0.4 1.9 ± 0.1 0 1.8 11.5 1
(6) (3) (2) (1) (4)
160 S 1 1.7 - 0,2 2.7 ± 0.4 0,1 4.2 44.7 -
(6) (3) (2) (1) (4)
'80 S' 1.5 - 0.3 2.2 ± 0.6 0.3 2.3 23« 3 :-
(5) (3) (2) (1) (4)
Micro- 25.1 ± 2.5 75.9 ± 3.3 99.2 89.7 12.7 *
somes (5) (3) (2) (1) (4)
Eecov- 94.3 ± 8.6 85.9 96 121
ery (3) (2) (1) (2)
Distribution of ENA and of rapidly labelled ENA
Labelling -* 20 45 120
tim$(min)
Eegion * 1° 1° 1°
Super- 18,5 - 1.9 37.9 34.1 ± 6.5 40.9
natent (5) (1) (3) (1)
*40 S ’ 3.8 ± 0.4 22.4 14.2 ± 1.5 4.6
(4) (1) (3) (1)
160 S f 2.5 - 0.2 12.9 6.4 - 0.4 2.6
(4) (1) (3) (1)
*80 S! 6.2 ± 1.5 3.7 5.8 4,2
(3) (1) (2) (1)
Micro- 70.6 ± 3.8 23.1 35.8 48.2
somes (3) (1) (2) (1)
Eecov- 85.7 85.8 —
ery (2) (2)
+Measured from the incorporation of choline (see text). 
ENA by chemical estimation.
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Pig. 5*44. A) As in the experiment shown in Pig. 3.43 except
that the rats were injected with actinomycin D (0.5 mg/kg body
\ 14weight) 30 min before the injection of C-orotic acid and
then left 2 h before killing. B) As in the experiment shorn.
in Pig. 3.43 except that the rats were injected with 
14
O-orotic acid 20 min before killing.
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As can be seen from the results in Table 3*19> most 
of the phospholipid is concentrated in the microsomes, 
but significant incorporation is found in earlier regions, 
with a general rise along the gradient. This cannot be 
due to unincorporated choline, for this would be over­
whelmingly concentrated in the soluble peak, which shows 
very little activity. The small amounts of labelled materia.L 
in the central part of the gradient may therefore be 
due to very low density lipoprotein fragments or very small, 
and therefore slowly sedimenting, membrane fragments. The 
lack of glucose-6-phosphatase activity from this region 
confirms the absence of endoplasmic reticulum contamination. 
The distribution of 51-nucleotidase activity is approximately 
as expected, the activity being mainly divided between the 
soluble region and the microsomes. There is, however, a 
small but measurable, activity in the central tubes of 
the gradient. The reason for this is not known.
The proportion of the total RNA found in the 40 S.
60 S and 80 S regions is low, but reproducible (Table 3.19)« 
The small number of monomeric ribosomes shows that there 
has been no significant break down of polysomes in the 
preparation of the fraction for zonal centrifugation. The 
very low amount of RNA in the 60 S region in these fed 
rats differs surprisingly from the situation in tissue 
culture cells. There is, therefore, in fed rats, either 
a considerable imbalance between the pools of large and 
small ribosome subunits, or else there are large numbers 
of particles other than subunits present in the 40 S region. 
There is some indication that, with fasting, the proportion 
of M&atiVe » subunits in rat liver becomes similar to that 
in tissue culture cells (Webb and Morris, 1969).
b) Subfractionation of Regions from the Zonal Rotor
The homogeneity of the different fractions of 
subribosomal particles was examined by re-sedimentation, 
after concentration by diafiltration. As these experiments 
were performed when the B-XIV rotor had become available, 
the whole experiment could be completed in one day. It 
was, however, found that the fractions could be stored 
without detriment at -25° for a few days either before or 
after concentration. Therefore, the material from the firs 
peak was normally concentrated and re-centrifuged the same 
night, but material from later peaks was concentrated and 
then frozen.
As the most rapidly labelled RNA was concentrated on 
the slower sedlmenting side of the 40 S peak, this region 
was normally split into two fractions as shown in the top 
segment of Pig. 3,45. The point of division was chosen 
by examination of the 260 nm absorption trace made during 
displacement of the gradient after each run. In spite 
of this, however, the exact composition of the two cuts 
varied from run to run. The division actually shown 
applies to the experiment with 150 minute labelling.
The results of the recentrifugation of particles from 
the various regions are shown in Mgs. 3.45 to 3.48, 
Experiments were performed in which the RNA was labelled 
with ^C-orotic acid for various times*, The high peaks 
at the beginning of most of the gradients are due to the 
acid soluble nucleotides which contaminate the fraction,
Legend to Figs. 336.
Figs. 3• ^3-3<*^8. Fig. 3»^5 top) Selection of regions from a run
made under conditions similar to that shown in Fig. 3-^3*
Remaining graphs) Recentrifugation of particles concentrated from
regions selected as shown above, on linear 0.5 - 1.0 M sucrose gradients
in the tubes of a 3 x 23 ml swing-out rotor. Centrifugation was for
times varying between 3 h and h at 30,000 revs/min. The region
1^-selected, and the time of in vivo labelling with C-orotic acid are 
indicated on each graph.
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and which are not removed during the diafiltration.
The heterogeneity of the 40 S region (II) is clearly 
demonstrated by the experiments shown in Pigs. 3.45 and 
3.46. Two distinct types of particle are resolved. The 
slower sedimenting of the two particles * concentra ted 
in the first part of the region, is by far the most rapidly 
labelled. The faster sedimenting of the two components 
is very slowly labelled; even after 150 minutes there is 
a great difference between the specific activities of the 
two particles. The second particle, however, clearly 
contains BKA, for it is labelled by the ^C-orotate, 
although slowly. Because the peak from the zonal 
centrifuge was split into two parts for the purpose of 
these experiments, it is difficult to assess the relative 
proportions of the two particles. They seem to be present 
in approximately equal numbers.
The amount of ferritin in region III of the gradient 
is so great that everything else is obscured, and even 
the ribosomes of region IV do not show up as a separate 
peak:. There are, however, ribonucleoprotein particles 
present in this region which can be studied by their 
labelling kinetics (Pig. 3.47)- After 20 minutes labelling 
a very broad peak is observed, which contains particle;:-, 
sedimenting much too quickly to be due to contaminants from 
the previous region. At 45 minutes after the injection 
of the radioactive precursor, a distinct peak of labelled 
ribonucleoprotein,which is almost certainly due to 60 S 
native ribosomal subunits, is observed sedimenting just 
behind the ferritin peak. Contamination from the earlier
peak is evident from the presence of slowly sedimenting., 
rapidly labelled particles, but it is clear that, if 
allowance is made for the particles of the 40 S region 
being much more rapidly labelled than the 60 S particles, 
the degree of cross-contamination is quite small. After 
labelling for 150 minutes, clear evidence is obtained 
for the contamination of the 60 S particles by 80 S 
ribosomes.
The ribosome peak, which was separated cleanly in 
early experiments, was obscured in later ones by the vastly 
increased amounts of ferritin. However,if the faster 
sedimenting edge of the ferritin peak is pooled (region IV, 
Pig. 3c45), concentiared, and recentrifuged, ribosome 
monomers and dimers can be distinguished, together with 
an intermediate sized particle (100 S) (Pig. 3.48). The 
monomeric ribosomes can, however, only be identified by 
the radioactivity which they have incorporated after 
labelling for 150 minutes. After a 20 minute label, the 
small amount of labelled RNA present was found in partic3.es 
sedimenting more slowly than ferritin, and was therefore 
very similar to the material found at the same labelling 
■time in the particles of the 60 S region.
The sensitivity of the particles of the first three 
regions (IIA, IIB, AND IIl)to dissociation by high 
concentrations of salts was examined by the method of 
Berry and Kelley (1968). The fractions were divided into 
three portions. One part was immediately frozen, while 
the others were fixed with one-fifth volume of 28$ 
formaldehyde containing 0.05 M KC1, 1 mM MgClg and 0.02 M
Legend to Figs. 3*^9-3*51
Figs, 3*^9 - 3*51- Effect of fixation and treatment with LiCl on the 
sedimentation of subribosomal particles.
Figo 3«^ 9» Particles concentrated from region II A.
Fig, 3*50. Particles concentrated from region II E.
Fig. 3*51* Particles concentrated from region III.
In each figure, the three graphs represent
A) Untreated particles.
B) Particles fixed overnight in l/5 vol. of 28 % formaldehyde 
containing 1 mM MgCl^, 0.03 M KC1 and 0.02 M triethanolamine pH 7*8. 
After fixation, the excess formaldehyde was removed by dialysis.
C) Particles treated for 30 min at 28° with 0.35 M LiCl containing 
0.01 M MgCl^ before fixation as described under B.
1A
The rats used in these experiments were injected with C-orotic acid 
20 min before killing.
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triethanolamine pH 7.8 and 0*01 M MgClg, in one case 
immediately, in the other after incubating with 0.55 M LiCl 
at 28° for 30 minutes. All solutions, including the 
original sucrose gradient, were buffered with triethanolamii 
to pH 7.8 rather than with Tris, for the latter would have 
interfered with the fixation of the particles by 
formaldehyde. After fixation overnight, and removal of 
the excess formaldehyde by dialysis, the fractions were 
separated in the normal way. The results in Pigs. 3.49>
3.50 and 3.51 show that fixation with formaldehyde does 
not affect the sedimentation pattern, though it does lower 
the absorptivity of the faster sedimenting component of 
the 40 S region. However, this particle, and the particles 
found in the 60 S region do not seem to be affected in any 
way by the LiCl. In complete contrast, the slower 
sedimenting particle of the 40 S region is reduced in slue 
so much that it only sediments at about half the speed 
of the untreated particle. It will be noted that the ENA 
labelled in 20 minutes, which sediments with the slowly 
sedimenting particles before treatment, remains associated 
with them after lithium chloride treatment.
Some preliminary experiments were performed on the 
equilibrium banding of particles in CsCl or Urografin 
gradients.
i) CsCl gradients:- As mentioned in the Materials 
and Methods section, the experiments on the equilibrium 
banding of subribosomal particles fixed in formaldehyde 
were carried out in an angle head rotor, because no 
suitable swing-out rotor was available. The results are
shown in Pig. 3.52. No reliable conclusions can T?e drawn 
about the distribution of the rapidly labelled ENA, for 
the recovery of label from the gradients was only about 20jL 
The remainder was probably in a floating pellet which would 
have adhered to the cap. However, it is clear that the 
separation of T40 S' particles obtained by a repeated 
rate-zonal centrifugation is duplicated on CsCl equilibrium 
centrifugation (see also Henshaw and loebenstein, 1970)*
The slowly sedimenting form of the subunit described earlier 
in the He suits section seems to correspond to the lighter 
form separated by Henshaw and Loebenstein*
ii) Urografin gradients;- A preliminary experiment 
on separation in a Urografin gradient was attempted 
(Pig. 3.53). The gradient was prepared as •? 
series of layers of varying concentration. As strong 
salt solutions seem to precipitate the Urografin* and as 
the density of Urografin solutions is higher than that of 
solutions of any other commonly available non-ionic compound 
the gradient was fractionated by extraction of aliquots 
with a bent pipette. The results of the experiment seem to 
suggest that the density of unfixed 40 S particles in 
Urografin is much lower than of the fixed particles in CsCl, 
Because Urografin interferes with the assay of RNA, and 
absorbs strongly in the ultra-violet, it was not possible 
to see if there is any fractionation of the particles under 
these conditions.
Legend to Fig* 3«52
Fig* 3*52* Equilibrium banding of particles, fixed as described in
the legend to Fig* 3*49* concentrated from different regions of the
zonal gradient* The top four graphs refer to an experiment in which
14
the rats were injected with C-orotic acid 150 min before killing, the 
lower pair to an experiment in which only 20 min labelling was used*
The pattern obtained by rate zonal centrifugation of unfixed aliquots 
of the same concentrates are shown in Figs* 3*^5 - 3*48. It should be 
noted that the recovery of radioactivity in these experiments was only 
about 20^. Centrifugation was carried out for 8 h at 45,000 revs/min 
in a 10 x 10 ml angle rotor running in an M.S*E. Superspeed 50 centrifuge,. 
The gradient was generated in the tube from two caesium chloride solutions, 
one denser, and the other lighter than the required extremes of the 
gradient (see Fig. 2.21)*
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Pig, 3,53. Equilibrium ’banding of particles concentrated
from region II (see Pig. 3.45) in Urografin gradients. The
preparation and fractionation of the gradients is described
in the text. Centrifugation was for 18 b at 39,000 revs/min
in a 8 x 25 ml angle-head rotor. The two figures refer to
the same experiment, the BNA of the lower part refers to
material precipitated by 0,3 N PCA and extracted by 0.3 N K0F
at 37° for 1 h. The shaded region represents the pellet*
14The rats we re injected with C-orotic-acid 45 min bffore 
killing,
*—  -------  cpn, „ „ „ „ - - density.
°) The ENA of the Light Particles
The ENA of particles from various regions of the zona 
gradient was extracted with phenol after concentrating 
the particles by one of the methods outlined in the 
Methods Sect ion.The amounts of ENA in all regions of the 
gradient except the microsomes were, however, so small 
that the ENA could be precipitated only if some carrier 
were added. Pure 4 S ENA was used in order to minimise 
interference with the subsequent characterisation of the 
ENA. Adhering low molecular weight contaminants were 
removed by passage through G-25 Sephadex and the ENA was 
then examined by agar gel electrophoresis,
i) ENA Electrophoresis
The bulk of the ENA of the 40 S region (regions IIA 
and I IB) was 18 S. No ENA other than this and the carrier 
4 S ENA could be distinguished when the electrophoretogram 
were scanned at 260 rim, but autoradiography showed the 
presence in the ENA from both regions of rapidly labelled 
heterodisperse ENA (Fig. 3.54). In the experiments 
illustrated, the ENA was labelled for 45 minutes in vivo, 
but even when a 2 hour labelling period was used, no trace 
of 28 S ENA was found in either region. When the ENA was 
labelled for this longer period, the heterodisperse HNA-, 
which comprises more than half of the total ENA in the 
examples shown, was reduced in amount relative to the 18 S
D i r e c t i o n ,  o j r  M i g r a t i o n
< ■ ■ ■ ■ ■  -   .................
Pig. 3.54. Agar electrophoretograms of RNA extracted from
regions of the zonal gradient selected as shown in Pig. 3.45.
1A_
The rats were injected with .Vv-orotic acid 45 min before 
killing. Unlabelled 4 5 RNA was added as a carrier after 
the extraction of the RNA. The region of the zonal gradient 
used is marked on each graph. An arbitrary measurement 
of the radioactivity was made by scanning autoradiograms of 
the elecfcrophoretograms at 5S^nm.
----------E260 nm     E5oO nm (raSioactivity)
\Direct ion oy  F]ijrei.fc i on
2:
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Pig. 3.55. See legend to Pig 3.54.
Clear peaks of "both. 18 S and 28 S RNA were seen on 
electrophoresis of RNA extracted from region III and 
region IV of the gradient (Pig. 3.55). However, the 
percentage of 28 S RNA was much lower in the RNA of 
region III (Table 3.20) than in the RNA of region IV where 
it was identical with the ratio in microsomes. fMs is 
consistent with the identification of the material in 
region IV as monomeric ribosomes.
TABLE 3.20
Ratio of 18 S to 28 S RNA in the RNA isolated from 
various regions of the zonal gradient.
Region II III jlV Microsomes
18 S/28 S - + 1.12 ± 0.23 3.25 - 0.50 3.01 ± 0.2
(5) (8) (8)
+ No 28 S RNA is found in this fraction.
In contrast to the large amount of heterodisperse 
RNA in the first two regions of the gradient, the rapidly 
labelled RNA of the 60 S and 80 S regions (III and IV) 
in general showed the same general distribution as the 
RNA seen by ultra-violet light, through the specific 
activity of the RNA in the 18 S and 28 S peaks was very 
different. Some heterodisperse RNA was, however, found 
in region III.
While the pattern of the rapidly labelled RNA of 
the subribosomal particles does change with labelling time 
these changes are small compared with the changes in the 
rapdily labelled RNA of the microsomal region. As can
be seen from Pig. 3.56, four distinct species of RNA 
are seen when the electrophoretograms of microsomal RNA- 
are scanned at 260 nm. These can be identified as 4 S, 5 ? 
18 S and 28 S RNA respectively. After 45 minutes 
labelling, only a very small proportion of the rapidly 
labelled RNA is associated with any of these peaks, most 
moves as a heterodisperse band between the 5 S and 18 S 
peaks. After two hours labelling, however, a very high 
proportion of the labelled RNA migrates with one of the 
peaks of ribosomal RNA.
During the course of these studies, two radioactive
7; p 1 A
RNA precursors were used, ~’"“P~orthophospha te and 0“orctic-
acid. Table 3.21 shows that there is no-significant 
difference in the kinetics of labelling between these twc 
precursors. As it is impossible to compare absolute 
specific activities between different experiments, because 
of differences amongst different animals in the uptake of 
radioactive precursors, it is necessary to refer all. the 
activities to some ’standard1. Accordingly, 18 S ribosomal 
RNA was arbitrarily chosen as the point of reference. If 
the relative specific activities of the 18 and 28 S RNA 
of various regions are examined, it is clear that the 10 £ 
RNA of region II is labelled very rapidly, but that there 
is no difference between the 18 S RNA derived from the fee 
halves of the peak. This is unexpected, in view of the 
difference in the labelling of the particles as demonstrate 
in an earlier chapter. The 18 S RNA of region IV is very 
similar in its labelling kinetics to microsomal RNA, as 
might be expected.
Direction 0/ ri i^  rat ton.
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Fig. 3.56. Agar-gel electrophoretograms of the RNA extracted 
from the microsomal region. The rats were injected with 
orotic acid at the time indicated before killing. An 
arbitrary measurement of the radioactivity was made by scanning 
autoradiograms of the dried electrophoresis blocks at 550 nm.
 ------ E260 nm'   %00 nm(radioactivity).
TABLE 3.21
Labelling of the ENA extracted from various regions of 
the zonal gradient relative to that of 18 S rihosomal ENA.
Labelling
Time
' 2 la 2 h. 45 min 45 min
Isotope 3 2 -p 32-p 14-,
18 S ENA
from
regions •
II A A .56 
(1)
14.6 ± 7.5 
(4)
II B 6.02
(1)
12.1 ± 5.1 
(4)
II * 5.18 ± 0,36 
(4)
5.18 ± 0.55 
(4)
14.3 - 4.1
(4)
III 2.VO ± 0.35 
(3)
3.36 ± 0.30 
(3)
5.38
(2)
6.0 - 0.32 
(31
IV 1.06 ± 0.15 
(■:•)
0.92
(2)
1.13
(2)
Micro-
somes
1.0+ 1.0+ 1.0+ 1.0+
28 S ENA
from
regions
II (No 28 S ENA found in this region)
III 3.9 - 0.80 
(3)
2.87 ± 0.29 
(3)
6.5 ± 3.3 
(3)
4.48
(2)
IV 1.33- 0.31 
(4)
1.13
(2)
1.19
(2)
Micro-
somes
0.97* 0.14 
(5)
0.75 ± 0.07 
(5)
0.49 ± 0.17 0.38 ± 0.05 
(4) (4)
Sample taken over the whole of region II 
+Microsomal 18 S ENA is the reference fraction
The 18 S RNA of region III is intermediate in specific 
activity between the 18 S ENA of the two neighbouring 
regions, which is consistent with the hypothesis that 
18 S RNA in this region is due dolely to the presence of 
contaminating particles from the neighbouring regions. 
Examination of the specific activities of the 28 b RNA 
shows that the material from region III is much more rapidly 
labelled than any other. The 28 S RNA of region IV is 
more rapidly labelled than microsomal 28 S RNA, but the 
difference is probably due to the presence of contaminating': 
60 S particles from region III.
 ^2ii)  ^V Base Composition of RNA
The?base composition5 of rapidly labelled RNA from 
the various regions was measured in order to assess the 
relative amounts of ribosomal and non-ribosomal RNA in the 
rapidly labelled fraction at any time0 (Table 3-22).
After labelling for 45 minutes, the RNA extracted from all 
the regions of the gradient has a very similar base 
composition, one intermediate between that of DNA aiid that 
of ribosomal RNA. It was postulated that this was due to 
the RNA from each region being a mixture of ribosomal 
and non-ribosomal components, and accordingly an effort 
was made to separate them by passing the RNA through a 
column of G-200 Sephadex. Most RNA smaller than 18 S was 
retarded and removed (Rig. 3.57). However, the-RNA 
collected from the column was very similar in base 
composition to the RNA loaded, although there did seem to 
be some slight enrichment in ribosomal RNA.
Direction o/ M i^ra t i  o a
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Pig. 3.57. The removal of low molecular weight RNA “by passage
through G-200 sephadex. A) A sample of microsomal RNA,
32
labelled in vivft with P-phosphate for 2 h, before passage 
through G-200 Sephadex. B) A similar sample after passage 
through the Sephadex column. Electrophoresis of the RNA as 
in Pig. 3.56.
■----:-------E ,   E5.r0 nm (radioactivity).
260 nm
TABLE 3.22.
Base composition of the rapidly labelled RNA found 
in various regions of the zonal gradient.
Resion S p S .  u  g  °
Label 45 min. Total RNA examined
II A 3 23.0 ± 0.6 26.0 ± 1.3 24.8 ± 0.7 26.0 ± 1,3
II B 2 23.5 28.8 20.9 26.5
III 1 21.9 30.1 21.6 26.4
Micro- 
some s
3 21.5 - 0.1 24.5 ± 1.5 25.5 ± 1.2 28.5 - 1,8
Label 45 minutes. Examine RNA unretarded by Gr"200 Sephacle
II A 2 24.6 31.1 20.3 23.7
II B 2 21.9 31.2 20.2 26.8
III 2 19.6 33.6 20.2 26.7
Micro-
somes
2 20« 5 29.1 21.8 28.6
Label 2 hours. Examine RNA unretarded by G- 200 Sephadex
II A 1 20.8 v 32.2 22.8 24.0
II B 1 21.0 33.8 22.6 22,3
II* 4 20.9 ± 0.9 30.7 ± 1.4 23.1 ± 0.7 24.2 £ 0.9
III 2 20.9 31.6 24.1 23.4
IV 2 18.9 33.2 25.0 22.9
Micro-
somes
4 18.6 ± 0.6 32.2 ± 1.7 25.1 ± 1.5 24.1 ± 1.1
18 S r EHA+ 22.5 31.2 26.1 20.1
28 S r RNA+ 17.9 36.3 30.3
-ic; kJ-9 S
LNA / 29.5 21.3 20.1 29.1
*
Sample pooled over the whole of region II 
+from Hirsch (1966).
^from Munro and Komer (1964).
If the labelling time is increased to 2 hours, then 
the base compositions of the RNA of the various fractions 
approaches closer to the base composition of ribosomal RNA. 
Again, there is no significant difference between the ENA 
extracted from the two halves of the first peak, but there 
are distinct differences between the RNA of this peak and 
the RNA of the 60 S and 80 S regions. The RNA of the 40 S 
peak is by far the most DNA-like in base composition of all 
the regions, though this is partly due to differences 
between the composition of 18 S and 28 S ribosomal RNA.
It will be noted that the labelled RNA of the 80 S region 
approaches most closely to the composition of ribosomal ENA 
This indicates that these monomers do not have any messenge 
RNA attached to them.
d) Subribosomal Particles in Hepa,toma
There are distinct differences between the patterns 
obtained after centrifuging liver and hepatoma microsomal 
fractions in the zonal rotor under the conditions described 
in the chapter on ‘Separation of Subribosomal Particles*.
In both cases, the microsomes are banded at the end of 
the gradient, but the proportions of various ribonucleoprot 
particles in the intermediate region are very different 
(Pig. 3.58); There is no ferritin in this tumour., Three 
distinct peaks are seen, which correspond to 40 S, 60 S 
and 80 S ribonucleoprotein parti: les. The ribosome peak 
is very much larger than in livef, while the 60 S peak is 
larger than the 40 S peak. The overall labelling pattern, 
with specific activity of the RNA falling from the 40 S 
region to the 60 S region and from there to the 80 S region
Legend to Figs. 3«58-5*62 3&3»
Fig. 3«58. Pattern obtained after centrifugation of a 10,000 x g
(15 min) supernatant, prepared from rat hepatoma horaogenate, for 16 h
at 21,000 revs/rain in a B-XV zonal rotor. The rat was injected with 
14
40 pC of C-orotic acid 90 rain before killing. For a key to the 
symbols see the endpaper.
Fig. 3«59« (Top) Pattern obtained after centrifugation of a
10,000 x g (15 rain) supernatant, prepared from rat hepatoma horaogenate,
for 165 rain at 4?,000 revs/rain in a B-XIV zonal rotor. The rat was 
14
injected with C-orotic acid 43 rain before killing.
Fig. 3-56. (Bottom two graphs) and 3-60. Recentrifugation, as 
described in the legend to Fig. 3°45, of material concentrated from the 
regions of the run shown in the top part of Fig. 3«59< which are indicated 
on each graph.
------------  E26 0 nm’   opm’  density,.
Figs. 3.61 and 3«62. Agar-gel electrophoretograras of the RNA extracted
from the particles found m  different Regions of the zonal gradient after
separations of hepatoma material similar to that shown in Fig. 3«59°
14
The rats were injected with C-orotic acid 2 h before killing.
,   ... E...,. (radioactivity)
260 nm’ 500 nm
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and the microsomes, is similar to the pattern found in 
liver.. The one notable difference is that the specific 
activities of the RNA of the slow and fast sedimenting 
sides of the 40 S peak are identical.
The particles concentrated from particular regions of 
the hepatoma gradient, were subfractionated in the same way 
as particles from liver, but distinct differences were 
apparent in the patterns produced. Re-centrifugation of 
the 40 S peak (II) showed the presence of only one 
ribonucleoprotein particle (Pig. 3.59). The unlabelled 
material sedimenting behind the peak can be identified as 
a large protein by comparison with material concentrated 
.from the centrifugal edge of the sample zone (region I B), 
The single experiment shown does not, of course, prove 
that the first region is homogeneous in hepatoma, but it 
does indicate that if there are further components,they 
must either sediment at the same rate as the main particle, 
or be present in very small amounts.
The 60 S region (ill) appears, in the experiment shown, 
to be heavily contaminated with 40 S particles and by 
80 S ribosomes (Pig. 3.60). However, comparison with the 
re-run of region IV shows that the 80 S ribosomes are in 
fact located under the shoulder following the main peak in 
the re-run.of the 60 S particles. The large peak which 
follows this shoulder is in fact due to a 100 S particle, 
probably a dimer of the 60 S particle. This suggestion 
is supported by the results of re-centrifuging the region 
(V) which immediately follows the monomer peak. The 100 0
particles are concentrated in this region, but there are 
also many more 60 S particles than could possibly have 
come simply from contamination of the fraction. Apart from 
the presence of this *60 dimer5, the particles seen in 
the re-runs of regions IV and V are those expected.
Monomeric ribosomes are present together with dimers and 
trimers and traces of faster sedimenting material.
The RNA of the hepatoma light particle fractions is 
also similar to the RNA of the analogous liver fractions.
The greater amount of 60 S particles is reflected by the 
greater preponderence of 28 S RNA in this region (Table 3.23 
As with liver particles, the bulk of the RNA of the 40 S 
region migrates like 18 S RNA, but instead of there being, 
in addition, a broad band of heterodisperse RNA, there is 
a fairly sharp band of material migrating slightly faster 
than the 18 S peak (Pig. 3.81). The high proportion of 
28 S RNA in region III has already been mentioned. The ENA 
patterns of the monomer and microsome regions (Pig. 3*62) 
are very similar, and very like the analogous regions in liv
TA3LB 3.23
Ratio of 18 S to 28 S RNA in the RNA isolated from 
various regions of the zonal gradient after fractionation 
of hepatoma, (compare with Table 3.20).
Region II III IV Microsomes
285/185 - + 3.59 3.24 4.74
(2) (2) (2)
+ No 28 S ENA is found in this fraction.
The respective specific activities of the 18 S and 
the 28 S RNA in the various subribosomal particles of 
hepatoma to hepatoma microsomal 18 S RNA are generally 
lower than the corresponding figures measured at the same 
labelling time in liver (Table 3.24).* This is especially 
marked with the 60 S particle, but can be noted also in 
the 40 S region* The effect would be explained if the 
subunit pools in hepatoma were larger than those in liver*
TABLE 3.24
Relative labelling of the RNA extracted from various 
regions of the zonal gradient with liver and hepatoma. 
Labelling was for 2 hours with orotic acid. The 
relative specific activity is expressed with 18 S RNA 
from the polysome region as a standard.
Region Hepatoma Liver
II 3.70 ± 0.39
(3)
_+ 5.18 ± 0.55 
(4)
_+
III 2*00 ± 0.21 1.29 - 0.21 3.36 ± 0.30 2.87 * 0.29
(3) (3) (3) (3)
IV •0.97 0.65 1.13 1.19
(2) (2) (2) (2)
Micro­
somes
(1.0)/ 0.66 i 0.08
(3)
(1.0)/ 0.75 0.07 
(5)
Results taken from Table 3.23.
+No 28 S RNA found in these fractions 
^Reference fraction.
a) Methods for the Purification of Plasma Membrane Fragments.
The rats are killed by cervical fracture, taking care not to tear the 
blood vessels in the neck. The body is opened, and the liver perfused 
with i a^rm (37°) 0.25 M sucrose containing 5 mM NaHCO, (pH 7.5)- In this 
work, perfusion was carried out via the aorta, the inferior vena cava being 
slashed just above the diaphragm, but a more direct route, for example 
through the portal vein, would be desirable to avoid contamination by gut 
bacteria which are released into the blood stream immediately after the 
death of the animal. As soon as the liver has blanched, it is extracted 
and immersed in ice-cold 0.25 M sucrose/5 mM NaHCO,. When about 20 g of 
liver have been collected, they are blotted, weighed and transferred to 
fresh medium. Any liver which does not blanch rapidly during perfusion 
should be discarded.
The livers are then homogenised in about 9 volumes of ice-cold 0.25 M
sucrose/5 mM NaHCO, (pH 7-5) by 3 strokes of a Potter-Elvehjem homogeniser 
3
using a loosely fitting pestle (clearance about 13/1000 in) rotating at 
about 900 revs/min. After homogenisation, extra medium is added if 
necessary, to bring the volume of the homogenate up to 10 ral/g of liver, a 
sample is taken out, and the remainder of the homogenate filtered through a 
coarse sieve to remove fragments of connective tissue. The filtered 
homogenate is then centrifuged for 10 min at 2,000 revs/min {kOO x j[) in 
the k x 50 ml rotor of an M.S.E. bench centrifuge kept at *f°. After 
centrifugation, the supernatant is discarded, leaving a red, gelatinous 
pellet. The loose pinkish layer of mitochondria sometimes seen on top of 
the pellet should be removed as far as possible. The pellets are then 
resuspended in a total of 30 ml of 0.25 M sucrose/5 mM NaHCO, by 5 strokes 
of a hand-held Teflon/glass homogeniser (Jencons Ltd.). After removing an 
aliquot, the suspension is loaded on to an A-XII zonal rotor, which has 
previously been charged with a gradient of form A II (see Appendix V). The 
gradient solutions should all contain 5 mM NaHCO,. It is important that, 
in all cases, the NaHCO^ should be added at the last minute, from a freshly
prepared solution of AnalaR grade chemical, otherwise the pH will be 
unacceptably high.
After centrifugation for 1 h at 3,700 revs/min, a zone of plasma 
membrane fragments is clearly visible on the centrifugal side of the main 
mitochondrial peak. The rotor is then slowed down, and the gradient 
displaced. The tubes containing the plasma membrane fragments can be 
identified from the trace of absorption at 650 nm made during displacement of 
the gradient. They are pooled, diluted with an equal volume of water, and 
sedimented by centrifugation for 1 h at 50,000 revs/min in an 3 x 50 ml rotor 
on an M.S.E. Superspeed centrifuge. The plasma membrane pellet is 
resuspended in ^5 nil of sucrose, density 1.19, containing 5 mM Tris pH 7»^, 
by 8 strokes of a Potter-Elvehjem homogensier with the pestel rotated at 
2,900 revs/min, but with the same clearance as that used in the initial 
homogenisation. Aliquots of this suspension are placed in polycarbonate 
tubes of a 3 x 23 ml swing-out rotor, overlayed with 0.25 M sucrose containing 
5 mM Tris pH 7-^ and centrifuged for 90 min at 30,000 revs/min. The 
purified plasma membranes collect as white ’sheets1 on the interface of the 
0.25 M sucrose and the sample and can be recovered with a bent pipette.
If unperfused liver is used as the starting material, the same
procedure may be used, providing that 0.08 M sucrose is used in place of 
0.25 M sucrose for the homogenisation and for the resuspension of the crude 
nuclear fraction. Prolonged lysis, as used in the experiments described 
earlier, does not seem to be necessary (T.D. Prospero, unpublished 
experiments).
b) Methods for the Separation of Subribosomal Particles from Liver or Hepatoma
After killing the animal by cervical dislocation, the tissue is extracted
rapidly into ice-cold 0.25 M sucrose containing 5 mM Tris pH ?.b and 1 mM 
MgCl^* Tumours were extracted complete with their capsule. When about 
12 g of tissue have been collected, it is blotted, weighed, transferred to
fresh medium and minced with scissors. Homogenisation is carried out 
with 5 strokes of a Potter-Elvehjem homogeniser with the pestle rotating 
at 2,900 revs/min. The final concentration should be about k ml per 
gram of tissue. With liver the clearance between the pestle and vessel 
of the homogeniser is probably not critical, but a loose fitting pestle 
(clearance about 13/1000 in) was used for uniformity with the experiments 
on hepatoma. If a tight fitting pestle is used with hepatoma, it will
tend to jam on fragments of the capsule. After homogenisation of
hepatoma, fragments of the capsule are removed by filtration through a 
coarse sieve, and the weight of the fragments retained subtracted from 
the total weight of the tissue, to give the actual weight of hepatoma 
used. This step is not necessary with liver. The homogenates are then 
centrifuged for 15 min at 9,200 revs/min (10,000 x jg) in an 8 x 50 ml angle 
head rotor in an M.S.E. High Speed 18 centrifuge. The supernatant is 
decanted, and a suitable aliquot loaded on to a B-XIV or B-XV zonal rotor, 
previously filled with gradient of form B I (see Appendix V).
Centrifugation for 165 min at ^7,000 revs/min in a B-XIV rotor or for 16 h
at 21,000 revs/min in a B-XV rotor is required to separate the 
subribosomal particles.
MATHEMATICAL ANALYSIS OF THE RESULTS
The results obtained in this work can be analysed in two ways, to give 
information on the size of or the density of the particles, or to give 
information on the distribution of material among the particles. In the 
following discussion the results on the subfractionation of the crude 
nuclear fraction and on the subfractionation of the lysosomal supernatant, 
which comprise the second and third parts of the Results section, will be 
considered in turn.
A) Subfractionation of the Crude Nuclear Fraction on the A-XII Rotor
Because of the likelihood of particles being damaged by the hypotonic 
conditions used in the earlier experiments, only those results in which the 
nuclear fraction was prepared and resuspended in isotonic sucrose will be 
considered.
i) Calculation of particle size
Four particles, lysosomes, mitochondria, plasma membranes and red 
blood cells remain in the gradient under the conditions used in these 
experiments. Particles smaller than lysosomes do not leave the starting 
zone, while particles larger and denser than red blood cells are banded on 
the cushion. Of these four particles, the lysosomes and mitochondria are 
sedimenting freely, while the plasma membranes and red blood cells are 
banded at their isopycnic densities. As has been pointed out in the 
Introduction, the capacity of a gradient for particles banded isopycnically 
is very high (Beaufay, 1966) and therefore there is little reason to doubt 
the densities given for plasma membranes and red blood cells in Table 
Calculation of the sedimentation coefficients of the mitochondria and 
lysosomes is, howeverj made more difficult by the likelihood that the 
gradients are, in fact, overloaded. Calculation shows that the sample 
band has a capacity of only 0.57 g of protein, or 2.5 g of particles 
behaving like mitochondria. As around 0.5^ g of protein were loaded, and 
as the gradient in a zonal rotor shows only 80/ of its theoretical capacity 
(Spragg and Rankin, 1968) some bulk sedimentation of the sample zone probabl
occured immediately on loading. In addition, the band will be spread by 
the 'sedimentation in droplets' described by Meuwissen (1970), which is 
due to a difference in molecular weight between the gradient solute and 
the particles being separated. These effects certainly seem to play some 
role, for the sample was not recovered in the calculated position.
However, because the rotor took up 100 ml of overlay on acceleration and 
gave back only 30 ml on deceleration, calculation of the initial position 
of the sample is rather difficult.
Although there is considerable doubt about the initial capacity of the 
gradient, it is not likely that there was any droplet sedimentation after 
the particles had left the sample band, in spite of the very sharp drop in 
the capacity of the gradient (Fig. 4.1). The only freely sedimenting 
particles which contain enough protein to be in danger from this effect are 
the mitochondria. However, comparison of the lower part of Fig. 4.1 with 
Fig. 3.19 in the Results section shows that the gradient has dropped to only 
60/ of its initial capacity (i.e. about 0.18 g of protein) at the 
mitochondrial peak. As mitochondria contribute only 20/ of the protein of
the sample (about 0.11 g protein), it is clear that even if they had
sedimented in a compact group, they would not have exceeded the capacity 
of the gradient. As the band is considerably broadened because of the 
heterogeneity of the mitochondria, there is no real risk of the gradient 
being overloaded.
The sedimentation coefficients of the mitochondria and lysosomes may, 
therefore, be calculated using the centre of the first peak to indicate tb<:.- 
starting zone. The most accurate results are obtained if the centre of the 
first peak is estimated, not from the distribution of protein, which is
influenced by the slowly sedimenting endoplasmic reticulum, but from the
inorganic phosphate measured as tissue blanks in the estimation of 
phosphatase enzymes. The results of the sedimentation coefficient 
calculations are given in Table 4.1.
Sedimentation coefficients and densities of particles separated by
centrifugation on an A XII zonal rotor.
—3Sedimentation Coefficient (x 10 )
Tissue
Particle Run No
Liver
91* 78 93 95 96
Hepatoma
Tl>
Lysosomes
+
2.25 2.19 2.30 2.55
*r
1 , a 
15 mode
+
2.43 3.30 3.56 2.66 IrkM-
Mitochondria mode 7 o06 8.76 7o64 9-73 6 .V+
1 , a mode 12.5 17-3 15-3. 16.7 1 ^ 0 20.5
Density
Plasma membrane sheets 1.185 1.175 1.188 1.179
Red blood cells 1.196 1.20 — —
Summary
Particle sedimentation coefficients and radius, comparison of estimates 
in tbe present study and earlier estimates.
Particle - Source S x 10 Radius (microns)
calc.** lit.++ m.^ calc.** lit.hr 
Iysosomes-Idver 2.32 k.k - 0.28
Mitochondria-Liver 8.^0 10.0 0.6 0.35 0.39
Mitochondria-tumour 6*kk - - 0.31
* Whole homogenate loaded as sample.
+
A peak could not be distinguished.
cl Points where the activity of succinate dehydrogenase has fallen to one- 
tenth of its peak value.
^For Sedimentation Coefficients - see Beaufay (1966).
For particle radii (measured by electron microscopy) - see Baudhuin and 
Berthet (1967)
**
Calculated from the results in the first part of the Table.
U
Measured from the light micrographs of Fig. 3*21.
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Pig. 4.1. ILhfiiigfis -in the .width .and x.amcily jaf -s hand jxf 
Particles sedimenting. through a gradient of form A II in,
S2L A-XI'I zonal rotor. Tine initial volume of the sample hand 
was taken as 30 ml. The hand capacity (M) is plotted as a 
ratio of the initial capacity of the sample hand (Mq = 0.55g). 
The arrow marks the initial position of the sample mass centre. 
A) Particle density 1.4. B) particle changing its density 
with changes in the density of the medium in the same way 
as mitochondria.
  --- capacity,   hand width,— --- medium density.
The radius of the particles can be calculated if some assumption is made 
on particles shape. The values in Table 4.1 have been calculated on the 
assumption that the particles are round. Comparison with the radii 
determined by electron microscopy of isolated mitochondria (Baudhuin and 
Berthet, 19^7) shows reasonable agreement. The lower values obtained in 
our experiments may be due to shrinkage of the mitochondria in high 
concentrations of sucrose. The smaller size of tumour mitochondria 
indicated in these experiments was confirmed by electron microscopy 
(Fitzsimons, 19&9)-
The most significant inaccuracy in the determination of the 
sedimentation coefficient is the lack of control over the temperature in the 
rotor. This has been assumed to be 3°, the temperature at which the gradient 
is fed into the rotor. When the gradient was displaced its temperature varied 
from 9° to 13°• However,, as the centre of the rotor was, by thei^ warm to 
the touch, due to heat conducted up the shaft from the centrifuge motor, this 
figure is not very significant since considerable heating must have occurred 
during passage of the gradient through the core on unloading. The air space 
around the rotor was maintained at -20°, in order to counteract the effect 
of conducted heat on the gradient. In short, the temperature of the gradient 
may have been anywhere between 0° and 10°. The large effect that such an 
uncertainty in the temperature inside the rotor has on the calculation of 
sedimentation coefficients is illustrated in Fig. 4.2.
ii) Analysis of the distribution of protein
Assessment of the distribution of protein was used to test the various 
mathematical procedures as the results could be compared directly with those 
obtained by Leighton and his colleagues (1968), although these authors do n:-t 
include nuclei or plasma membrane fragments in their analysis.
A first prerequisite for any analysis is that there should be good 
recovery of all the 'markers’ used. The results in Table 4.2 show that this 
condition was met in these experiments with the exception of glucose-6- 
phosphatase.
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Pig. 4. 2. Effect of gradient temperature on the calculated
sedimentation coefficients of particles which are recovered
in particular fractions in the experiment shown in Fig. 5.19. 
Each line refers to a particle recovered in the fraction 
indicated hy the number at the top of the line.
A) Particle density taken as 1.4. B) Particle changing its 
density with the density of the medium in the same way as 
mitochondria.
Definatlon of regions
The sedimentation coefficients in this table refer to 
particles, changing their density with the density of the 
medium in the same way as mitochondria, sedimenting in 0. 25 M 
sucrose at Qe.
Region Range of particle size or ' Major component
or density
I s 1*500 Microsomes
II 1,500 8 5,000 Lysosomes
III 5,000 8 10,000 Mitochondria
IV B 10,000 d 1.15 Mitochondria
V 1.15 d 1.19 Plasma menbrane
VI 1,19 d 1. 21 Red hlood c§lls
VII 1.21 d Nuclei
Reproducibility of the Fractionation of a Crude Nuclear Fraction in a 
A XII zonal rotor.
Protein Hb DNA
78 93 95 93 78 78 93
ng/g liver 16.0 17.2 17.9 1*f.2 - - -
% in sample 14.6 15.1 18.4 W A - - -
% of material recovered from 
zonal rotor in region+
I 26.7 28.27 21.60 22 080 7.0 3.0 3^8
II $ A 7.06 k.?7 9.56 1.6 0.3 1.1
III 2^.3 25.33 18.38 25.87 6.5 1.1 5A
IV 9.15 7.32 11.12 5.^3 2.8 0.3 2 A
V 11.20 9.97 9.67 11.01 6.9 0.1 5.1
VI 4.24- 5.13 k A Z 6.11 kO.'l 0.7 2o
vii 18.98 16.93 29.Sk 19.23 35.1 9^.5 81.7
Recovery from zonal gradient101.9 102.3 10*f 127.5 - -
gradient
5 1-nucleotidase Glucose-6-phosphate
78 93 95 96 78 93 95 96
Homogenate / Holes .
* 0.039 0.081 0.031 0.075 0 .C&7 0.029 O.OiO 0,0'v
fo sample 50 ^3 .2 38c1* 3^ .2 15.^ 11.3 11.7 13.1
% of activity recovered 
from zonal rotor in 
region*
I 18.81 15.63 17.93 17.07 35.21 ^3.06 33.23 57.63
II 3.13 ^ .5 3 3.89 7-33 11.28 3.98 2.55 7 A h
III k M 8.78 3.58 7.57 20.16 10. 7^ 3.35 10.22
IV 2.81 7.68 3.02 3 A S 5A 6 6.17 <0 ■1.38
V kz.05 35.^5 3^.21 39.16 10.99 12.96 3.01 6 -1 "t*
v* 3.87 8.08 7.27 5.66 0.01 7 .53 <0
VII 2^.91 19.87 30- 11' 19.7^ 16089 15.56 69 c, 66
Recovery from zonal 
gradient 79.6 96.8 98.4 68 .3 *f0.9 18^ 167 6 0 2
Table 4.2 (continued)
Succinate D'ase Acid Phosphatase
Run No 78 93 93 96 78 93 93
Homogenate p, moles/ 
mg prot./min
0.013 0.010 0.010 0.007 0.038 0.103 - 0 e c V-i
% in sample 32.4 - 21.6 7.33 9-93 9.9 - 14.0
% recovered from zonal
rotor in region
I 1.66 2.79 O.65 0.98 30; 68 20.71 39*62 8,9:
II 2.05 3.57 1.76 6.46 25.62 18.11 30.72 39 A c
III 63.71 62.23 46.08 68.93 23.13 23.34 22.10 2'/ e
IV . 20.20 18.70 27.67 13.77 4.41 8.73 1.15 b,co
V 5.23 3.55 6.04 4.08 5.05 14.70 0 1.83
VI 1.10 0.08 4.62 3.81 3.34 9-09 0.13 ■2 ni\ J?>- I
VII 4.89 9-07 13.18 1.97 7.79 3.33 6.23 6.70
Recovery from zonal 
gradient
72.4 - 69.6 231.8 114.8 140.4 - 42 c 4
The reproducibility of the pattern obtained with this enzyme, coupled with 
the wild variations in the recovery suggest that the errors were occuring more 
in the assay of the control fractions than in the assay of those from the 
gradient. Table 4.2 shows that the pattern of enzymes across the gradient; 
was, in general, fairly reproducible, but that the agreement is not close 
enough to enable quantitative comparisons to be made between the results of 
assays performed after different separation experiments. The variation is 
not due to faulty technique, but to variations in the amount of material 
which remains in aggregates after resuspension of the crude nuclear fracti>..n* 
As a result of these observations, it was decided to group the data IV: 
analysis in three ways. Firstly the results of the two experiments (runs : 
and A 93) in which all the marker activities were determined could be usea 
without any grouping of the results. A set of 64 simultaneous equations in 5 
variables was produced. For reasons discussed in Appendix II, it did not 
seem worthwhile to use a linear programming method to analyse this data. A 
'best' solution was found by the method of least squares. The results cf 
this analysis are given in Table 4.3 in the column headed 'Grouping of 
results, 1 '.
Table 4.3
Distribution of protein among cell organelles as assessed from separations 
using the A-XII zonal rotor*
Grouping of results’1
% Protein
None Groups from each
(1) run (2)
Mean of groups 
from each run 
(3)
Means of analysis* 
Cell fraction
LE LE LP LE IP'
Nuclei 2.32 1.15 2.11 0.41
Mitochondria 17.51 19.55 21.4 18.11 -
Lysosomes + Microbodies 33.65 13.84 19.46 10.91 -
Endoplasmic reticulum - 1.43 30.44 0.1 50.26 -
Plasma membrane 7.27 7.59 0.758 5.83
Other 40.69 27.43 56.16 14.47 _
See Appendix II for a fuller description.
* LE - analysis as a set of linear equations* 
LP - analysis by linear programming methods.
a
Insufficient data.
A second method of grouping was to use the regions from each run 
presented in Table 4.2, but to keep the results of each run separate. The 
twenty eight equations produced were solved by the method of least squares 
and by a linear programming method designed to minimise the amount of prote 
not assigned to any of the particles. The results are given in Table 4.3 
under 'Grouping of Results 2'. Finally, the means of the distributions
shown in Table 4.2 were used. The seven equations in five variables
produced were solved by the least squares method but there was insufficient 
data for a linear programming analysis. The results are given in Table 4.* 
under 'Grouping of Results 3 1.
The results of analysis by these methods were not encouraging. The 
constant assignment is to mitochondria. A trial was therefore made, using
run A 78, where a semi-quantitative estimation of haemoglobin had been made, 
to see if allowing for the presence of red blood cells made any difference, 
but the equations are still so badly conditioned as to give nonsensical 
results (Table 4.4).
Table 4.4
Effect of allowing for the presence of red blood cells (single run)
Analysis by 'linear equations' technique.
Results grouped into regions No Yes
Red blood cells allowed for No Yes No Yes
Organelle
Nuclei 2.40 2.33 1.33 -0.003
Mitochondria 22.20 19.96 20.24 12.78
Lysosomes + Microbodies 29.25 24.27 18.50 -30.85
Endoplasmic reticulum -3.44 2.49 16.35 92.22
Plasma membrane 7.90 6.71 8.76 0.53
Red blood cells - O.76 - 1.91
Other 41.67 43.48 3^.78 23.41
It was therefore concluded that there was not sufficient separation of subcell" 
particles in the A-XII rotor to enable an accurate estimation to be made of 
the distribution of material. Additional data was therefore pro­
vided by feeding in data on the subfractionation of lysosomes and microsomes 
in zonal rotors (M.L.E. Burge and K.A. Norris, unpublished experiments).
The results of analysis are given in Table 4.5.
3«3*
Table 4.3
Distribution of protein among cell organelles:- the effect of supplying 
data in addition to that provided by separations in the A-XII zonal rotorr
Percentage of protein in:-
Data supplied A-XII runs only Other Fractions added Lit.
Method of analysis 
Organelle
LE LP LE+ LPa IPb LP
Nuclei 2 .3 2.1 2 .4 1.8 2.2 -
Mitochondria 17.3 21 .4 14.5 22.9 23.4 20.2
Lysosomes 33-2 19*3 6 .3 0.1 0.1 4 .6
Endoplasmic reticulum -1 .4 0.1 16.9 13.1 14.9 21.5
Plasma membrane 7*3 0.8 7*4 8 .3 2 .7 -
Red blood cells 0.8 - 1 .4 - - -
Other 4o.o 36 .2 31*2 33*8 36.3 33*7
* Results of Leighton et al. (1968)0 
+
Using a ’typical* fractionation of a mitochondria + lysosome pellet in an 
HS zonal rotor (M. Burge, unpublished experiments) and of a post-lysosomal 
supernatant on a B-XIV rotor on a gradient containing 3 niM MgCl^
(K0A 0 Norris, unpublished experiments).
S.
Using the mean of the results of several separations under the conditions 
described above.
k a
As with LP , but with the addition of data on the fractionation of a crude 
nuclear fraction prepared from unperfused liver (Table 3*16) and of 
’purified’ plasma membrane fractions prepared from unperfused and perfused 
liver (see Table ~j>.11 and 3*13 respectively).
It will be noted that, in spite of some peculiarities, such as the low 
assignment of protein to mitochondria in the solution by the ’linear 
equations* method, which can be explained by peculiarities in the 'additional 
data used, the results are comparable with those of Leighton and his 
colleagues (1968). It will be noted that unless assays on ’purified’ 
plasma membrane fractions are included, the amount of protein assigned to the 
plasma membrane is very large. Comparison of the compositions of plasma 
membrane regions, as separated in the zonal rotor, and the purified plasma 
membrane fractions (Table 4.6) reveals that there is a large amount of 
material present in the fractions separated in the zonal rotor which is 
removed in the final purification. This Additional’ protein is present 
in even higher amounts in the plasma membrane fragments which are 
concentrated in the microsomal fraction and in the plasma membrane 
separated from unperfused liver.
Table 4.6
Composition of the fractions separated in the zonal rotor and of the 
'purified* plasma membrane preparations.
1/ Assessment by use of 'linear equations' approach
Percentage of protein in
Particle Nuclei Mito. Lyso. e.r. p.m. r.b.c. Other
unperfused
* o n
I 0
liver*
7.1 8.9 20.0 8.9 0++ 55.1
II 0 *0-5 3.5 6.1 1.3 0++ 45-6
III 7.5 8.4 1.5 10.7 51.0 0++ 20.9
IV 50.7 7.7 3.0 27.9 46.0 0++
-29.3
'pure' p.m. 0 2.8 2.2 14.6 115.0 0 -34.6
+
perfused liver
Rty <on
I 0 1.0 4.9 28.2 13.4 0 53.5
II 0 9.1 18.6 15.7 13.4 0 43.2
III 0 45.0 4.5 7.9 5.0 0 37.6
IV 0 43.0 2.6 6.6 9.9 0 36.9
V 0 8.0 2.3 13.1 69.5 5*3 1.8
VI 0 8.4 3.6 10.2 23.4 67.0 -12.6
VII 68.5 6.1 1.4 20.1 21.4 15.4 -32.4
'pure* p.m^ 0 1.7 2.1 8.3 249.0 0 -151.1
2/ Assessment by use of linear programming approach
1 unperfused 
I 0
liver*
11.6 0.14 17.7 3.2 67.4
II 0 71.2 0.06 5.4 0.5 - 22.8
III 7.0 15-7 0.02 9.5 18.9 - 50.8
IV 47.4 12.4 0.05 24.7 15.0 - 0.4
'pure' p.m. 0 4.6 0.03 12.9 42.7 _ 39.7
Table *f.6 (continued)
. .. perfused liver
(?«3 ion
Particle Nuclei Mito. Lyso. e.r. p.m. r.b.c. Other
I 0 1.7 0.08 2k.9 3.0 - 68.3
II 0 1*f.8 0.30 13-9 3.0 - 66.0
III 0 73.7 0.07 6.9 1.8 - 17.3
TV 0 69*8 0.0k 5.8 3*7 - 20 .7
V 0 12.9 0.0k 11.6 23*6 - 49.9
¥1 0 13-7 0.06 9.0 8.9 - 68.
VII 6*f.3 9-8 0.02 17.7 7.9 - 0
'pure' p.m. 0 2.8 0.03 7.3 89.8 _ 0
Abbreviations used in the table:- Mito. - mitochondria, r.b.c. - erythrocjrt 
Lyso. - lysosomes, e«r* - endoplasmic reticulum, p.m. - plasma membrane.
* see Table J.3 (1 = micrcsornes etc.)
+ see Table k.2
++ nThe red blood cells were lysed by homogenisation in CbOo M sucrose. 
n.bo The assignment to lysosomes are certainly much too low, because of 
problems with the additional, data used, together with the results 
described in this thesis. No allowance was made for the presence 
of red blood cells during the analysis by linear programming methods.
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Fig. 4. 3. Distribution of *unassigned* protein in the 
experiment shorn in Fig, 3.19. Analysis by use of ’linear 
equations* technique, using additional data obtained from 
experiments on the subfractionation of lysosomes and microsome
X unassigned protein, -  ------   total protein,
.........  medium density.
When the distribution of ’unassigned* protein is examined (Fig, ^.3)» & 
large surplus is noted in the plasma membrane region, due to the influence 
ox the additional material associd;ed with plasma membrane fragments of 
microsomal size. The small peak of 'unassigned’ protein associated with 
the mitochondria is due to the 'underassignment1 mentioned earlier, while 
the large peak at the front of the gradient is almost certainly due to 
soluble proteins trapped in the original nuclear pellet. It will be noted 
that, on the fast sedimenting edge of the mitochondrial region, a very large 
percentage of the protein is 'unassigned1. This is correlated with the 
presence of numbers of badly damaged mitochondria (Fitzsimons, 1969) which 
are, presumably, deficient in the marker enzyme, succinate dehydrogenase.
B) Fractionation of Subribosomal Particles
Calculation of the initial capacity of the initial band in the gradients 
used on the B-XIV and B-XV rotors shows that, like the gradients used with the 
A-XII rotor they will not support the sample loaded. (The sample loaded
contains about 0.8 g protein, the initial capacity of the B-XIV gradient heir..:; 
Only 0.36 g.) No effects need be expected from the sharp drop in capacity of 
the gradient away from the sample region (Fig. bok) because of the very small 
quantities of material sedimenting through the gradient.
The same troubles of temperature control, and localisation of the sampl'-. 
band as affected the sedimentation coefficient calculations on the A-XII rotor 
were found in the experiments on the high speed rotors. Here, however, the 
heating problems arose from poor control of the vacuum in the centrifuge bowl, 
especially during the early stages of the zonal run. This was due to 
condensation in the centrifuge bowl, which formed during the loading of the 
gradient and sample. The sedimentation coefficients calculated for the 
various particles are shown in Table *f.?.
o 10 ao ■. 30
F r a c t io n  No.
o
LU
O
Pig. 4.4* Changes in the wiflth and capacity of a hand of 
particles sedimenting through a gradient of form B I in 
a B-XIV zonal rotor. The initial volume of the sample hand 
was taken as 20 ml. The hand capacity (M) is plotted as a 
ratio of the initial capacity of the sample hand ( M q  = 0,36 g) 
The arrow marks the initial position of the sample mass centre 
A) Particle density 1.4 B) Particle changing its density 
with changes in the density of the medium in the same way as 
mit6chondria.
capacity b«.ncL coicLfcK.^ Me.cA-tu-m et-enSft'.
Table 4.7
Sedimentation coefficients of particles separated during the fractionation
o
of microsomes in zonal B-XIV and B-XV rotors. A gradient temperature of 5 
has been assumed. The density of the ribonucleoprotein particles in sucrose 
has been taken as 1.4, of the ferritin particles as 1.8.
Sedimentation Coefficient (S)
Run No. TR1* 4l+ 30 R4X R13* R40a R4la R42£
RNA peaks ,in region
II -b
b
- 70.3 52.5 48.9 68.7 47
III 72.4 67.4 - -
_b _b b b
IV 85.9 85.0 - - 91.5 90.1 132.8 94
Peaks of rapidly labelled RNA
II 53.9 - 45 63 52.5 44.2 59.0 42
III 75-9 67.4 - -
_b _b _b _b
IV 92.0 - 92 91.5 84.0 132.8 --
Ferritin
III — 73-0 68.0 92.4 77
* Hepatoma
4- + +
No Mg m  gradient 
x B-XV rotor
a B-XIV rotor
"b No clear peak visible in this region.
Note Regions II, III and IV correspond to the '40 S', '60 S' and '80 S ’ 
regions. The deviations of the sedimentation coefficients actually found 
from those expected is almost certainly a result of the temperature in the 
zonal rotor being higher than the expected 5° (see Fig. 4.5).
These have been calculated assuming a gradient temperature of 3° • The 
density of ribosomes in sucrose has been taken as 1.4 (Peterman, 1963) v/hil 
the density of ferritin particles has been taken as 1.8, for they seem to 
sediment through caesium chloride of this density. The sedimentation 
coefficients thus calculated are all much higher than would have been 
expected from earlier data on the particles. This is almost certainly due 
to the temperature in the centrifuge being higher than 3° (Fig. 4.5).
Further values for the sedimentation coefficients of the various 
ribonucleoprotein particles can be obtained from the small tube gradients. 
The sucrose gradients used in these experiments are practically isokinetic 
(Fig. 4.6) so that sedimentation coefficients can be calculated by linear 
interpolation if any particle can be identified. The procedure used, both 
with liver and hepatoma, was to identify the 80 S ribosomes and then to v/ork 
back to the smaller particles. The results are given in Table 4.8. The 
values marked with an asterisk are assumed by comparison with 
neighbouring regions- and are used as a basis for calculation of the other 
values in that particular gradient. Where only a shoulder can be identi­
fied a mark has been put against the sedimentation coefficient. The 
assignations made were checked at all stages by comparison between gradients 
run in parallel, but it was found that there was much more variation if 
comparison between gradients was used as the basis of calculation rather 
than the basis described above.
Te
no
cr
a 
feo
-re
 
°G 
Te
n 
p
er
a.
ta
.r
e
100
ao as 30
100
Pig. 4.5. Effect' of gradient temperature on the calculated 
sedimentation coefficients of particles recovered in 
particular fractions in the experiment shoim in Fig. 5.45. 
Each line refers to a particle recovered in the fraction 
indicated hy the number at the top of the line.
A) Particle density taken as 1.4. B) Particle density taken 
as 1.8.
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Pig. 4.6. Elat Of sedimentation coefficient against gradient 
amlnrnft for the gradient, used in the tubes of a 3 X 23 ml 
swing-out rotor for the re sediments tio# of suhrihosomal 
particles. Although the actual shape of the curves is 
independent of centrifugation time, the values actually given 
refer to an experiment in which centrifugation was for 3 h at 
30,000 revs/min. A gradient temperature of 5° has heen 
assumed.
----------Particle density 1.4,------ Particle density 1.
Table if. 8
Sedimentation coefficients of particles separated from different regions 
of the zonal gradient by recentrifugation on sucrose gradients in swing-out 
rotors,
ifO S region Particles detected Particles detected b;r
from UoV. trace incoporation of 0
Trial . . _ + , M Particle a b No. C (i e f S h a b c
1 33 if5* 6 3 ^
2 33 if3 * 63/ 35 if7
35 S region (slow sedimenting side of ifO S region)
1 25 35 *
2 Zk 35 if 3 *
3 3 5 * 51^
if 35 if 3:-
3 35 if 5 * 35 if 5
6 33 if3 *
k3 S region (fast sedimenting side of ifO S region)
1 33 if3 * 6(/ 32 ^5
2 3 ^ if 5* 56*
3 3 3^ if 3* 59
if 32 if 3 * 31 ^5
5 31 if 3 * 63*
6 33 if5 60*
60 S region
1 if5^ 63* 37
2 if5^ 66 98 1 1 2 38
3 63*
k 63
80 S region
1 67 82 100 8 0 9'-
2 if8  66 80* 92
Table b.8 (continued)
* Particle whose sedimentation coefficient is used as a reference for the 
other values 
+ Tentative identification of particles:
a. - a large protein molecule, _b and jc - slow and fast sedimenting forms 
of the small ribosome subunit, d^ - the large ribosome subunit,
e^ - ferritin particles, jT - ribosomes, j| - dimers of the large ribosome 
subunit, li - ribosome dimers.
Only a shoulder present, therefore the estimate of the position of the 
peak is less accurate*
DISCUSSION
1/ Problems Encountered in the Purification of Plasma
Membrane Fragments
i) Methods for the Isolation of a Plasma Membrane 
Fraction
A wide variety of techniques have been described 
before and during the present work for the purification of 
plasma membrane fragments from rat liver (Table 5*1).
These techniques, for which documentation is sometimes 
sketchy, have many features in common* All except one 
(H) serve for the separation of the large sheets of membrane 
which sediment, in differential centrifugation, in the 
nuclear fraction (see Introduction). However, as shown 
during the present work, the membranes in a crude nuclear 
fraction are trapped by aggregation with red blood cells 
unless special precautions are taken. Three approaches 
that obviate this aggregation have been reported. The 
liver may be perfused, either with physiological saline or 
with isotonic sucrose (Methods C,D and K) or the homogenate 
may be prepared in a very hypotonic medium (Methods A, A 1, 
A”, F,I,D and M) or the nuclear pellet may be treated 
with EDTA (Method G-). With perfusion, there is a change 
in membrane density which, as discussed in the Results 
section affects the conditions used for membrane isolation. 
The suspension made from the nuclear pellet, if such 
precautions are taken, contains free sheets of plasma 
membrane which can then be separated by one of two methods s 
Direct flotation, normally from a sucrose gradient,
(although in Method B flotation from KBr is used) or rate
zonal sedimentation in a zonal rotor, followed by the 
flotation step (Methods F,K, and L). These procedures 
have usually been presented without any discussion of 
the rationale behind *them. During the experiments in this 
thesis, some attempt has been made to evaluate the various 
factors which govern the yield and purity of plasma 
membrane preparations and to assess the nature and amount 
of contaminating material present.
The initial experiments on the sedimentation of 
nucleotidase containing fragments, both by use of the zonal 
rotor and by differential centrifugation, indicate that 
free sheets of membrane do exist in homogenates of rat 
liver prepared in isotonic sucrose. However, it was also 
found that no free sheets of membrane remained in a 
resuspended low-speed pellet prepared from such a homogenate. 
If, however, the livers were either homogenised in hypotonic 
sucrose, or were perfused before removal from the animal, 
free plasma membrane fragments were present in the 
resuspended low~speed pellet. It would therefore seem 
that the unforeseen aggregation of plasma membrane fragments 
when a low-speed pellet is prepared depends on the 
existence of intact red blood cells.
This hypothesis has received some support from an 
observation made during zonal centrifugation of a whole 
liver homogenate. When the rotor was viewed under 
stroboscopic illumination, the red blood cells banded in 
the gradient could be seen slowly clumping, the aggregates 
drifting to higher densities. Examination of the
distribution of 5f-nucleotidase after such an experiment 
showed there to be more activity in the aggregated material 
at the end of the gradient than would have been expected 
from the distribution of activity after centrifugation of 
a nuclear fraction. As the densities of the red blood 
cell band and the plasma membrane band are very close 
when unperfused liver is used as the starting material, 
it is reasonable to suppose that transfer of material 
from the plasma membrane region to the aggregated material 
at the end of the gradient is due to co-aggregation of 
the plasma membrane fragments and the red blood cells.
The main objection to this hypothesis is that Stein and 
his colleagues (1968) developed a method for the isolation 
of plasma membrane not employing either hypotonic 
conditions or using perfused liver as a starting material. 
Their procedure involves treatment with EDTA of an initial, 
impure fraction prepared by flotation from 1.6 M sucrose 
(density 1.21) in the presence of magnesium ions. Their 
membrane fraction is finally purified by flotation from 
1.45 M sucrose. The authors mention that the treatment 
with EDTA and re-flotation free the membrane of 
contaminating mitochondria, but do not state whether any 
red blood cells were present. The possibility cannot be 
excluded that some form of clot is formed from plasma 
membranes and other material and is subsequently dissolved 
by EDTA.
Provided that aggregation of the plasma membrane with other 
components of the homogenate can be avoided, the separation 
of the plasma membrane sheets is fairly simple, because
no other organelle has the same combination of large 
size and low density. Because of the similarity in the 
density of these plasma membrane sheets and of smooth 
vesicles deriving from the endoplasmic reticulum, (El-Aaser 
et al., 1966) , the latter may be trapped in the nuclear 
pellet and great care must be taken to ensure that they 
are removed during a 'differential* or rate-zonal 
centrifugation step. Two methods have been employed,* 
an extensive washing of the nuclear pellet, resuspending 
and repelleting at each wash, will finally remove most of 
the smooth vesicles, leaving mainly large sheets of plasma 
membrane and nuclei in the pellet. The chief disadvantage 
of this method, apart from its extreme tediousness, is the 
risk of breaking down the large sheets of membrane by the 
repeated resuspensions necessary in the washing procedure. 
However, in the absence of equipment for zonal 
centrifugation, it is the only possible approach. Secondly 
zonal rotors are extremely well suited to separate particle 
as different in size as smooth membrane vesicles and 
plasma membrane sheets. In addition to the work reported 
in this thesis, the efficiency of this approach has been 
exploited by several groups (Methods F,K,L). However, 
the importance of the correct choice of rotor is 
emphasised by the inability of Pfleger and his colleagues 
(1967) and Weaver and Boyle (1969) (Methods F and K) to 
separate mitochondria and plasma membrane fragments in a 
B-XIV or B-XV zonal rotor. While the plasma membrane 
fragments and the mitochondria themselves can be 
separated by a subsequent isopycnic centrifugation either
in the zonal rotor or in small tubes, smooth endoplasmic 
reticulum fragments, carried into the plasma membrane zone 
because of their adhesion to mitochondria (viz. the experiments 
described in the Results Section) may be displaced during 
the manipulation preceding the isopycnic centrifugation, 
and band with the plasma membrane.
The use of an A-XII rotor, with a well designed gradient 
will, as shown in this thesis, permit the collection of 
the large sheets of plasma membrane in a band separated from 
all the other groups of particles, except a veiy small 
percentage of the fastest sedimenting mitochondria. Most 
of the contamination of the plasma membrane region in the 
experiments described in this thesis and those of Evans (1969) 
must be due to particles which co-sediment with the plasma 
membrane sheets^
ii) The Causes of Contamination of the Plasma Membrane ffra&tr.'
Two possible mechanisms may be involved in the attachment 
of the co-sedimenting particles to the plasma membrane sheets, 
viz. in vitro adhesion of the extraneous material to the 
plasma membrane, and trapping of the material inside sheets 
that have collapsed in vitro to form partly closed bags.
Some evidence on the nature of contamination can be obtained 
by following the progress of cell breakage in the light 
microscope. Sampling of the whole homogenate after different 
times of homogenisation, as the experiments of Neville (I960) 
is clearly an especially valuable method, for by this means 
a kinetic picture of the progress of cell breakage can be 
built up. However, examination of separated fractions, as
used in this work (see the chapter on 'Distribution of 
Material in the Zonal Gradient' in the Results Section), 
does have the advantage that the prior removal of small 
organelles makes the images much clearer and easier to intery
Either method enables a picture of the process of cell 
breakage in the Po11er-Elvehjem homogeniser to be constructed 
The tissue would seem to be torn immediately into scraps 
the size of several cells.. The Outer cells of these groups 
have damaged membranes, and so lose their contents. During 
further homogenisation, the inner, still intact cells of the 
clumps are broken, but the tears in the membrane may be small 
enough to allow them to reseal after the loss of a portion 
of the contents. Both enucleate cells, and cells in which 
most of the cytoplasm was missing were found in this study. 
Usually these intact, or partly intact, cells had a fringe 
consisting of the membranes of the neighbouring cells. This 
explains the enrichment of nucleotidase in the 'nuclear* 
region, where these objects were seen. In general, however, 
the holes in the plasma membranes of the cells are too large 
to reseal, and the membrane can than be thought of as a 
large bag which, though it soon loses most of the cellular 
contents, traps a small portion in odd comers where escape 
is prevented by the collapse of the walls of the sac. The 
existence of such trapping is shown by the presence of 
mitochondria within some of the sheet-like bags of plasma 
membrane. The distribution of mitochondria, which were 
often concentrated in one membrane of a group of membranes 
examined under the light microscope, indicated that they are 
trapped, for if they were only adhering to the outside of
the membrane sheets, an even distribution among .«<.«.
all the sheets would be expected Another indication
that trapping rather than adhesion is responsible for the 
presence of many of the mitochondria in the fraction is their 
behaviour during the final flotation of the plasma membrane 
fragements. If the membrane sheets are not broken up by 
rehomogenisation, many of the mitochondria float with the 
membrane fragements; but if the membrane is broken, most 
of the mitochondria sediment to give a pellet.
It may be noted here that although membranes have been 
spoken of as if they came from single cells, there is 
probably very little breakage of the intercellular links afte 
the initial tearing of the tissue into small clumps of cellst 
Therefore, each sheet of plasma membrane derives in fact 
from the membranes of a whole group of individual cells„
In tumour, by way of contrast, the intercellular links are 
much weaker and become broken dueing the process of 
homogenisation. Hence, no large sheets of membrane remain 
In the final homogenate. This explains the failure of the 
present attempts to separate the membranes of hepatoma cells 
by the techniques used with liver.
From this picture of cell breakage, it follows that 
all the smaller organelles of the cell are likely to be 
present to some extent In the plasma membrane fraction, due 
to trapping of material inside the membrane bags. These 
contaminants will be freed only if the sheets of membrane 
are broken up, and it will then be difficult to find a 
basis for separating the plasma membrane fragments from 
light material such as smooth endoplasmic reticulum fragments
The properties of a plasma membrane preparation will therefor 
receive contributions from three different sources. Firstly? 
there will be a background due to trapped material. Secondly 
there will be higher amounts of elements which have some 
specific association with the membrane, for example, adsorbed 
eniymes or elements which remain associated with the membrane 
because of some similarity of physical properties for example 
smooth microsomal fragments,*. Finally, there are the actual 
constituents of the plasma membrane. The properties of 
plasma membrane preparations made by various methods will 
now be considered In the light of these arguments.
iii) Assessment of Purity of Plasma Membrane Preparations
The purity of the plasma membrane preparations can be 
assessed in two ways, by examination of the morphology of 
the fractions using either the light or the electron 
microsco'pe, or by use of chemical or ensymological markers,. 
Both procedures are open to objections. No contaminants 
smaller than mitochondria can be distinguished with light 
taicroscopes, whilst electron micrographs may be very 
difficult to interpret because the contaminating cell 
organelles may be damaged and so not be recognised. This 
is especially so if, as with the outer membrane of 
mitochondria, there is a tendency for the structure to 
vesiculate. A second difficulty with electron microscojjy 
is that of non-representative samples being selected.
Normally electron microscopy is performed on fixed pellets0 
These tend to be striated, due to differences in the rate 
of sedimentation of different particles in the original 
suspension. The contaminants may therefore, be concentrated
in one particular portion of the pellet and so he missed 
altogether unless sections are oriented through the depth 
of the pellet. These difficulties are removed if sampling 
of the particle suspension is carried out by filtration 
rather than by pelleting (Baudhuin et al., 1967).
Enzymological criteria have been widely used for the 
assessment of the purity of plasma membrane preparations. 
Again, however, the results must be interpreted with caution 
Two problems are especially acute, viz. inactivation or, 
more rarely, activation of some enzyme during preparation 
of the fraction and possible uncertainty about the 
morphological assignment,within the pellets, of the 
activity which is being used as a marker* The first 
problem is overcome if the recoveries after each stage of 
the preparation are calculated, for loss of activity can 
then be readily detected. The second problem is more 
difficult to solve, but the development of techniques for 
the cytochemical examination of isolated fractions 
(Fitzsimons, 1969) makes it possible to show whether the 
activity is spread throughout the fraction, in which case 
it is probably an intrinsic component of the material, or 
whether it is present only in a small percentage of the 
profiles, indicating a contaminant.
a) Morphological Assessment of the Contamination of
Plasma Membrane Fractions
The difficulty of assessing the purity of isolated 
fractions by morphological examination is shown by the very 
divergent results obtained with the plasma membrane fraction
even when the same preparation method has been used.
Emmelot and his colleagues (1964) found the plasma membrane 
fraction which they prepared from rat liver to be free from 
rough endoplasmic reticulum fragments, although they did 
detect an occasional golgi vesicle. Lansing and his 
colleagues (1967), preparing plasma membrane by the same 
method, state that they discarded 25$ of their preparations 
because of their high (**^ *5$) content of rough vesicles. 
Emmelot and Benedetti (1967) repeat that they could find 
no endoplasmic reticulum fragments in the preparations of 
plasma membrane which they make from rat liver, but state 
that such contamination did occur In preparations made from 
a rat hepatoma. Both groups of authors agree on the absence 
of mitochondria and lysosomes from the preparation. However, 
these may merely have been made unrecognisable by the 
hypotonic medium, for significant mitochondrial c.ontaminat5. or 
was found with One of the methods in which isotonic sucrose 
was used (Berman et al., 1969) as well as in the work 
described in this thesis. The only other contaminant 
recognised in plasma membrane fractions were the few collagen 
fibres noticed by Emmelot and his colleagues (1964) in one 
preparation. As mentioned in the Results Section, no 
trace of such material was found in these experiments 
described earlier.
b ) Enzymological Assessment of Contaminants of the
Plasma Membrane Fraction
Although most authors who describe a method for the 
purification of plasma membrane fragments give a figure 
for the specific activity of 5!-nucleotidase and for suoeinat
dehydrogenase and glucose-6-phosphatase in their preparations 
the absence in many cases of values for the whole 
homogenate, and in some cases the absence of any figures 
for other fractions make interpretation of the results very 
difficult. Even when comparative figures are given, only 
too often they are activities in a .microsomal1*fraction, 
or some other subcellular fraction whose composition will 
vary with the experimenter’s technique, rather than figures 
for the whole homogenate.
Such results as are available are collected in Table 5*2 
In spite of the variations, some pattern emerges. In 
particular, it will be noticed that there is no correlation 
between the fall in the amount of enzymes (such as glucose-6- 
phosphatase) which indicate contaminating elements;, and 
a rise in the relative spec5.fic activity of 5’-nucleotidase«> 
In other words, if the reasonable assumption is made that 
the variations in the enrichment with respect of 5* -nucleo­
tidase are not due to random error in the assays, contaminati 
of the plasma membrane fraction must be due mainly to some 
material which is not indicated by any of the marker enzymes* 
This is particularly clear if the results on the enzyme 
pattern of the preparations of plasma membrane from perfused 
and unperfused liver described earlier are considered.
The purification of the nucleotidase containing fragments 
is fc;vice as great in the preparation from perfused liver as 
in that from unperfused liver, yet the level of the 
contaminating enzymes is lower in the latter.
It is clear from the results in Table 5.2 that for 
all plasma membrane preparations, the amount of mitochondrial
and lysosomal contamination is very small. The amount 
of microsomal contamination, as indicated by glucose-6- 
phosphatase activity, is more striking and, indicates 
that micrbsomes make up between 7 and 15$ of the protein 
of the plasma membrane fraction. It has been proposed that 
the glucose-6~phosphatase activity of the plasma membrane 
fraction may be due not to contamination b3r endoplasmic 
retioulum fragments as suggested here, but to the presence 
of glucose-6-phosphatase activity in the plasma membrane 
(Benedetti and Emmelot^ 1968). However, cytochemical 
staining of isolated fractions (Eitzsimons, 1969, Widneli, ,
1969), which shows the activity to be located in small 
vesicles lying alongside the plasma membrane sheets makes 
this hypothesis seem very unlikely. Emmelot and Benedetti 
(1967) have suggested that, the rough vesicles / seen 
attached to the plasma membrane sheets,derived from hepatoma 
may indicate a real morphological continuity between the 
endoplasmic reticulum and the plasma membrane. The 
electron-micrographs which they present to justify this 
hypothesis are not very convincing^ The alternative hypo the 
that the glucose-6-phosphatase activity is simply due to 
microsomal contamination is strongly supported by the 
presence of a number of other microsomal enzymes with 
similar purifications to that found for glue0se-6-phosphabc,;: 
Benedetti and Emmelot (1968) lay great stress on the absence 
of a number 0$ drug-metabolising enzymes from their 
preparations. In the absence of any data on the detection 
limits or recoveries of these rather delicate and feebly 
active enzymes, it is uncertain how much weight to 
attach to their observations.
It is clear that contamination by other cell organelles 
can account for only a small proportion of the material 
in the plasma membrane fraction and cannot explain the 
differences between the various preparations. However, at 
least some of the difference can be explained by the presenc 
of serum proteins or proteins from the soluble fraction 
absorbed onto the acidic groups of the surface of the plasma 
membrane. The presence of haemoglobin in preparations of 
plasma membranes made from unperfused liver is easily vislb1 
from the colour of the packed membrane preparation, and the 
presence of serum and soluble fraction proteins has been 
demonstrated immunologically (Emmelot and Benedetti 1966). 
These serum proteins must be bound very firmly, for serum 
protein can be detected immunologically even in preparations 
made from perfused liver (Allen, 1969)* Emmelot and his 
colleagues (1964) believe that these contaminating proteins 
are removed specifically by washing with 0.15 M ITaCl 
and it is very clear that this is true in some cases, 
notably these of triose phosphate dehydrogenase (Emmelot 
and Benedetti^ 1967) and ATP pyrophosphohydrolase (Lansing 
et al., 1967). Only 15$ of the protein of the plasma membran 
is removed by this treatment, so even if this protein was 
exclusively from the adsorbed fraction, and there is some 
evidence that plasma inembrane enzymes such as 51-nucleotidas 
are partly removed too (Emmelot et al., 1964), it cannot 
explain the difference in purification of 5‘-nucleotidase- 
containing fragments between Emmelotfs preparations which 
seem very similar to those described in this thesis 
prepared from unperfused liver, and the preparations made 
from perfused liver.
The great similarity in enzyme pattern between our 
preparations made from perfused and unperfused liver (compar 
Tables 3.11 and 3.15: in the Results Section) with the 
exception of the purification of nucleotidase also suggests 
that adsorbed serum proteins may be responsible for a very 
high percentage of the protein of the fraction. Emmelot 
and Benedetti (.1967) . describe experiments in which a 
labelled liver soluble fraction (which would also contain 
labelled serum proteins, as it was prepared from unperfused 
liver) was mixed with unlabelled plasma membranes, which 
were then separated by a further flotation and counted 
to determine the percentage contamination. This was
found to be only 5$ of the total protein of the re-isolated
plasma membranes. This may well be a considerable 
underestimate, however, in that only freely exchangeable, 
adsorbed proteins will be estimated. There may well be 
large amounts of protein, bound firmly by the membranes 
immediately after cell breakage, which will exchange only
very slowly with their labelled homologues, and will the ref o
not be estimated*
2/ Comparison of Methods for Isolating Rat Liver Plasma 
Membranes
Having considered the contaminants found in plasma 
membrane fractions, a comparison can be made of various 
methods proposed for the isolation of this material. Any 
good preparative method should have two features, viz. 
it should provide a pure product and, if the fraction is to 
be taken in any way as representative, the yield should be 
high. It seems clear that prior perfusion of the liver is
highly desirable in any method for the preparation of 
plasma membranes in order to minimise the amounts of adsorbed 
protein. This unfortunately rules out the method of 
Neville (I960) or its adaptation due to Emmelot and his 
colleagues (1964) which are widely used, but which fail 
completely with perfused liver, probably as a1 result of 
nuclear lysis (Marinetti and Grey, 1967). As It is 
normally useful to be able to isolate other subcellular 
fractions simultaneously and compare them with the plasma 
membrane fraction, homogenisation in isotonic sucrose 
is clearly desirable for the sake of preserving organelles 
such as mitochondria. Metkod.$; C,3) and J in Table 5.1 
and the procedure starting with perfused liver described 
in this thesis, satisfy these two criteria and will therefore 
he considered in more detail. The method of Takeuchi and 
Terayama (C) cannot be properly assessed In its original 
form as no enzyme assays were performed. In its modified 
form, as described by Berman and his colleagues (O')? both 
the purification and the yield of plasma membrane seem 
rather low. Both the purification and the yield of plasma 
membrane fragments are higher in the method of Coleman and 
his colleagues (D), but there is clear evidence of nuclear 
contamination, and there is unusually heavy contamination 
by glucose-6-phosphatase containing fragments, probably 
deriving from the nuclear membrane. There is also evidence 
that the ’plasma membrane’ prepared by this method is not 
representative of the whole (see Chapter on ’Fractionation 
of the Plasma Membrane). The procedure described in this 
thesis is intermediate between the other two methpds with 
respect to yield, but the purification of nucleotidase is 
higher than in either.
A second criterion for judging a preparative method 
is its length and complexity. Methods such as those 
described in this thesis, and the method of Evans (L) where 
the A-XII zonal rotor is used, score over all others in 
this respect, because of the ease of operation of these 
rotors, and the fact that a partially purified plasma membrane 
preparation can be separated directly from an unwashed, 
low-speed pellet. All the other methods described in 
Table 5.1 require a lengthy series of washes, and sometimes 
two flotation steps to obtain ’pure1 membranes. ’Purification’ 
of the impure plasma membrane fractions prepared with the 
A-XII zonal rotor requires only a single flotation step.
The main weakness of methods which use centrifugation 
in zonal rotors to remove slowly sedimenting material- from 
the membranes is the relatively small amounts of liver 
which they can fractionate at any one time0 In view of 
the comments made earlier about the high capacity of zonal 
rotors, this may seem a surprising statement. However, 
although the capacity of zonal rotors Is high when compared 
with conventional rotors used for zonal separations, it :1s 
low when compared with the latter when these are used for 
differential centrifugation. The reasons for this have 
been discussed earlier. The capacity of a zonal rotor 
is limited by the amount of material the gradient will 
support, while the capacity of a tube used for differential 
centrifugation is limited only by the volume of the tub***,, 
although increasing the concentration of material decvsa^ovv 
the purity of the final fraction. If large amounts of 
plasma membrane are required, then a suitable method might 
be to use conventional rotors for the initial purification
TABLE 5*1*
Isolation of Plasma. Membrane Fragments from Rat Liver*
Code Pre- Homogenisation Initial Subsequent Means
for treatment medium Fraction Treatment for
Method of Tissue Identi­
fication
A*
None 1 mM NaHCO- Nuclear
None. 1 mM NaHCO.* Nuclear
Flotation lm, era,
into sucrose; euz, 
gradient
11 lm,em,
enz.
A"
B
D
E
F
G
H
0*25 M sucrose/ ?l
Perfuse 0.3 M sue. 
with 0.3 M p H 7*4
Sucrose
Perfuse
physiol.
saline
None
Perfuse 
with 0*9% 
NaCl
0.25 M Sue./ 
0.3 mM CaCl_
0.25 M sue./ 
0.3 mM CaCl-
1 mM NaHCO.
0.23 M sue.
1 mM MgCl2 
present
Flotation 
from KBr-
I'm
im.imm,
Vig. Homogen- im,em, 
isation, enz.
isopycnic 
sedimentation
Repeated 
flotation 
from sucrose
Flotation 
from sucrose 
gradient
2 stage sed. 
B-XV rotor
Treat with 
1 smM EDTA. 
Float from 
sucrose
lm,em.
lm,em.
lm,em.
em,enz,
0.23 M sue./ Microso-
0.2 mM MgCl^ mal
1 mM NaHCO- Nuclear
0.23 M sue./
0.5 mM CaCl2/
5 mM Tris pH 7*4
Isopycnic sed. enz. 
Ficoll grad.
Flotation 
from sucrose 
gradient
e m 7enz.
ln^am,
enz.
KBF«*
1
4-
19
8
10
C;
11
12
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TABLE 5*1. continued - Isolation of Plasma Membrane Fragments from
Code
for
Method
Pre-
treatment 
of Tissue
Homogenisation
medium
Initial
Fraction
Rat Liver*,
Subsequent
Treatment
Means
for
Identi­
fication
REF* *
K Perfuse 
with 0*08 
M sue*
0*08 M sue* 
pH 7.8
Nuclear 2 cycles, 
zonal cent* 
B-XV rotor
enz* 16
L Nona 1 mM NaHCO- 
n
ii A-XII zonal 
rotor then 
isopycnic 
aed*
em,enz* 17
M ii +0*5 roM 
CaCl^
pH 7.5
ii Flotation em,enz* 
from sucrose 
gradient
18
* For key to the references noted in Tables 5.1 to 5*5
i
see
after Table 5*5 .
Table 5*1* abbreviations
sue. sucrose
grad* gradient
sed* se dimentation
lm light microscopy
em electron microscopy
enz enzymology
imm immunology
Comparison of methods of preparing Plasma Membranes from Rat Liver,
Code. Yield AMPase; % RSA of markers for REF©
for Gig Prot./g. RSA Microsomes Mito Lyso
Method tissue v/et wt* (G-6-Pase) (Succ;. (Acid
D *ase) Pase)
A - - 0.26*/ - 2
A - - - 0.58 0.51 - 3
A  200 11.6 1.4 - - 25
A* *f10 12-18+ - 0.60* 0 0 k
A* 2200 >12.8 - >0.15 0.1 - 5
A* 710 2*f 3.9 0.38 0.0?^ 0.71 6
A* - 2*f.6 - 1.07 0.01 - 7
B 8
C 238 - - 9
D 1300 17.9 1^.4- 0.95 0.06 0.13 10
E 11
F  880 12
G 1010 15 - 0.60 0.12^ - 12
h 1100 > 18.9 - > 0.15 > 0.03 - 5
1 3  1^
J *f*fO 11.7 - 0.32 0 .1++ 15
K 15 5 - 16
L 300-500 (19.5-30.5) ^.2 - - 17
M 1300 30** 32** 0.15* - - 18
Present work
Unperfused^ 1o6q ^ 7  ^  Q^ ? Q ^
P e r f u s e d ^  ^  6<>0 Q^ 2
** Alkaline p-nitrophenol-phosphatase.
* Calculated by assuming the specific activity of G-6-Fb.se in the
microsomal fraction is 3 x that 
of the homogenate.
+ Calculated by assuming the specific activity of AMPase in the;
microsomal fraction to be 2 x. that 
of the homogenate.
JL
Cytochrome oxidase.
++ Calculated on the assumption that the specific activity of succinate- 
dehydrogenase in the mitochondrial fraction is 3 x that of the
homogenate.
TABLE 5*3,
Chemical composition of isolated plasma membrane fractions
Ref# 19 4 2 9 15 10 12 18
Lts.are given as j*g/mg protein
prep, method A A« A* c J D F M
RNA - *10 - 69 31.6 40 - 10
DNA - - - 0 0 29 - -
Total lipid 390 - 325 1012 - 650 ¥¥0 -
Sialic acid - 9.7 - 2.1 - - - 16
Hexosamine - 0.9 - 21 - - -
Hexose 9.9 1.17 - - - — -
TABLE 5.4.
Composition of the lipid fraction of plasma membrane
The results are given as a; percentage of the total lipid# Red blood
Reference
9 12 19 23 7
cells;
Free fatty acid 
Cholesterol ester
21.2
0.44
2.3
1.28
9.0
0
17*
4.
1*5
Cholesterol 8.7 21.2 13.4; 18 17 25
P-lipid 33*4. 62.1 65-5 55 59 62:
Choi. est./Chol. 0.05 0.1 - - Oo 06
Choi./P-lipid-. 0.19** 0,34 0.20 0.36 0.29 0.4:0
Composition of phospholipid fraction (as percentage of total phospholipi
p-choline 39.07 37.4 39.4 34.6 4:1 29
p-e thanolamine 29.8 21,5 27.8 18.2 11 15-2
p-serine 3.4
13
5.9 - 6 13
p-inisitol 0 2.0 - 6 1.6
lyso-p-cholina - ¥+2 - - -
plasmalogens 3.3 - - - - 10,6
sphingomyelin 7.7 17.2 13.4 18.2 33 17.5
gangliosides and 
glycolipids — - — 7^
continued/..
TABLE 5.4. (continued)
Results on total lipid composition from Maddy (1966), on
phospholipid composition from 
Anstell and Hawthorne (1964).
Figure includes all neutral lipids* except unesterified
cholesterol.
Allowing for the phospholipid not extracted by 2:1 chloroform
methanol.
These; include ceramide mono-, di-, and tri-hexosides, which
show 7-fold enrichment in the plasmai 
membrane fraction and may be specific 
markers for the membrane.
TABLE 5.5*
Enzymes reported in isolated plasma membrane; fractions
1/ Enzymes which seem to be: predominantly located in the plasma membrane.
Name; Purification with respect to Prep** Re£0
Homogenate; ' microsomes*
Na/K-activated ATPase 12 A 1 20
Adenosine- diphosphatase. 15*8 J 15
< 0.5 A* k-
p^Nitrophenylphosphatase (pH 9)** - 36 A* 21
Nucleoside triphosphate
pyrophosphatase t o -70 A* 22
NAD pyrophosphatase; - A ’ k
Uridine- diphosphate, galactosidase 
(non-specific glycosidase)
*f2 A^ 27
2/ Enzymes which seem to have part; of their activity in the plasma
membrane
Acetyl phosphatase - A' k
Alkaline, phenylphosphatase > 5-2 
>6.*fc
A*
H
5
5
AlkaTine phoaphodiesterase- - A 1 ii:.
15 A 1 21
Alkaline ribonuclease. - A* 4
Acid p-nitrophenylphosphatase 3*7 A» 21
L-leucyl 3-napthyl amidase: 12.3 A» 5
1*t.3 H c>•
10,6 A* 7
Inosine diphosphatase *t.9 A* 6
Mg++-activated. ATPase 6.7 D 10
- I
6.2 J 15
Myokinasa 5 L 2.5
Phosphotidate phosphohydrolase 5.3 D 24-
Adenyl. cyclase !very low1 
fhighf
A
A*
25
18
continued/# «•» «
TABLE 5.5. (continued)
3/ Enzymes which seem to be attributable to contaminants of the plasma.
membrane fractions
a) Microsomal enzymes
NADH. cyt* <s reductase
Esterase ( a-napthyl-Iaurate. 
or caprylate)
" (pNP-acetate;)
NAD nucleosidase-
Cytochrome- b^
Cytochrome P ^ q
Purification with respect to Prep#* Ref. 
homogenate 1microsome s 1
0.24 
0.20 
2.46 
0.32
A» 6
A* 4:
G 15
J 15
0.25 A* 4
0.062 A* 22
0.11 A* 4;-
0.09 A 2
0 A 2
b) Other.' enzymes
Uricase 0a 94 D 10
p-Glucuronidas.e 0.87 D 10
0*045 A* 21
a-‘Amylase 0.045 A* 2:1
Key to references in TABLES 5*1* to 3*5*
Number Reference
1 Neville, 1960.
2 Vassilitz et al., 1967*
3 Trams, et al., 19&B.
k Emmelot ejt al. , 1 9 6 %
5 Graham e_t al*, 1968*
6 Wattiaux de Coninck and Wattiaux, 1969®
7 Rod. and Grey, 1968*
8 Herzenburg and Herzenburg, 1961*
9 Takeuchi and Terayama, 1965*
10 Coleman jet al* , 1967*
11 Davydova, 1968.
12 Pfleger jet al* , 1968.
13 Stein jet al. , 1968.
'[k Song et al. , 1969*
13 Berman at al., 1969*
16 Weaver and Boyle, 1969*
17 Evans, 1970.
18 Ray, 1970.
19 Stahl and Trams, 1968.
20 Barclay ejt al. , 1967*
21 Lansing £t al., 1967*
22 Lieberman ejt al. , 1967*
23 Ray et al., 1969b.
2k Coleman, 1968.
23 Song and Bodansky, 1967*
26 Marinetti et al., 1969*
27 Fleischer and Fleischer, 1969*
and flotation in a.high-speed zonal rotor as the final 
purification step,
3/ Properties of Isolated tPlasma Membranes
a) Chemical Properties
The chemical coinposition of isolated plasma membrane 
fractions is summarised in Table 5.3. As can be seen, the 
results obtained by different authors are very variable. 
The ratio of lipid to protein varies from 1:1 to 1:3, 
presumably due, at least in part, to variations in the 
amount of adsorbed protein present in the fraction. The 
variation in the density of the fraction is also probably 
due to variations in the proportion of lipid and protein* 
The proportion of sialic acid in the plasma membrane is 
much higher than in mitochondrial and microsomal membranes 
The presence of ENA is surprising if it is believed that 
there is no contamination of the fraction by membranes of 
the rough endoplasmic reticulum. However, the number of 
ribosomes needed to account for the very small amount of 
ENA present could easily be missed on morphological 
examination, especially as many will be dissociated into 
their subunits due to the absence of magnesium, whilst 
others will probably reside on rpaucigranularf vesicles 
which might be expected to float with the plasma membranes 
The results which we obtain for the labelling of the ENA 
show no evidence for any ENA with properties distinct from 
microsomal ENA. The ratio of glucose-6-phosphatase to 
ENA is much higher in the plasma membrane fraction than 
in microsomes, suggesting that the major part of the
endoplasmic reticulum fragments contaminating the preparation 
are either smooth or paucigranular,
The reports on the lipid composition of the plasma 
membrane fractions are even more confusing (Table 5.4). In 
general, however, it can be stated that the membranes are 
characterised by a very high ratio of cholesterol to 
phospholipid, and a very low level of cholesterol esters,.
As mentioned in the Introduction, this seems to be a 
characteristic property of plasma membranes. The phospholipid 
constitution of the plasma membrane is given in Table 5.4.
The most noteworthy features are the very high percentage 
of sphingomyelin and the presence of ceramide mono, di and 
tri-hexosides, these being lipid haptens that may be 
specifically located in the plasma membrane (Dod and 
Grey, 1968). These authors also show that the amount of 
cardiolipin is very small, indicating that very few 
mitochondria are present in the preparation (o_p. cit0)
b) Enzyme Content
Besides the four marker enzymes discussed in the 
Chapter on ‘Assessment of Purity of Plasma Membrane Fractions 
many have been detected in preparations of plasma membrane c 
These are listed in Table 5.5 and can be divided into 
three groups, the first two of which represent enzymes at 
least partially localised in the plasma membrane. The 
first group is made up of enzymes whose degree of 
purification in the final fraction is of the same order 
of magnitude as that of 5'-nucleotidase and which are 
therefore probably specifically located in the plasma membrane,
The second group of enzymes consists of those which, 
whilst not being mere contaminants, seem to have only part 
of their activity in the plasma membrane, and which are 
therefore purified to a lesser extent than the plasma 
membrane markers in the plasma membrane preparations.
Two groups of enzymes involved in the metabolism of 
lipids have been detected in purified plasma membranes in 
sufficient amounts to make it likely that they are indeed 
constituents of the membrane and should therefore be added 
to the second group. Stein and his colleagues (1968) found 
an enzyme which acylated lysolecithin to lecithin, which 
was then incorporated into the membrane structure. Stahl 
and Trams (1968) showed that acyl CoA compounds could 
act as donors in the acylation of membrane lipids* Thus 
the plasma membrane seems to contain part of the enzymic 
apparatus for assembling phospholipids, but surprisingly, 
in view of the importance of cholesterol in the structure 
of the plasma membrane, no cholesterol syntbesis seems 
to occur in situ. (Chesterton, 1968).
There is strong evidence that the enzymes mentioned 
so far are actually contained in the plasma membrane*
Other enzymes have been detected in the plasma membrane 
fraction (3rd group of Table 5.5) in amounts so low that 
their presence can be explained by contamination of the 
plasma membrane fraction with other cell organelles. 
However, there is always the possibility that some small 
portion of the activity actually resides in the plasma 
membrane, and this possibility can only be tested by 
cytochemical techniques or by mathematical analysis as 
outlined in Section on 'Mathematical Analysis of Results1'.
Little work has so far been carried out on the 
properties of the enzymes found in the plasma membrane 
fraction. The pH optima, ion dependence and other 
properties of the p-nitrophenylphosphatases (Emmelot and 
Bos, 1966b, Emmelot and Bos, 1968b) and of nucleotide 
diphosphatases (Wattiaux de Coninck and Wattiaux, 1969) 
have been determined. Most of the enzymes, with the 
exception of 5'-nucleotidase are found to be dependent on 
the presence of lipid (Emmelot and Bos, 1968b) although 
not all are inhibited by the dissolution of the membranes 
by detergents. Plasma membrane 5'-nucleotidase has also 
been studied by El-Aaser (El-Aaser, 1966, El-Aaser and 
Reid, 19^9 a & b), by Song and Bodansky (1967) and has 
been purified from rat liver plasma membranes by Widnell 
and Unkeless (1968). The purified enzyme is a lipoprotein 
in which sphingomyelin is the sole lipid component. Song 
and Bodansk3r (1966) claim to have purified 5 '-nucleotidase 
from human liver, but the ten-fold purification over the 
whole homogenate which they obtain is less than might have 
been expected.if they had separated only the plasma membrane 
One other enzyme, adenyl cyclase, if of great interest, 
for it is activated in membrane preparations the 
in vitro addition of adrenalin and so provides a mechanism 
for hormone action (Marinetti et al., i969).
4/ Fractionation of the Plasma Membrane
In addition to the studies on the intact plasma 
membrane already mentioned, attempts have been made to 
explore its structure by further fractionation. Three 
levels of fractionation can be distinguished viz. those 
which attempt to dissolve the membrane structure completely
and examine the liberated proteins, these which attempt 
to break the membrane down into small fragments and yet 
to retain the association between lipid and protein, and 
finally those which attempt to break the membrane into 
large pieces which may be expected to retain much of their 
organisation.
The usual preliminary to any examination of the proteins 
of the membrane is dissolution in detergents (e.g* Bont 
et al.r 1969), although Neville (1967) found that 70$ of 
the membrane was dissolved by weak alkali (0.05 M K^ CO-^ ) 
at 25°. The proteins of the membrane can be fractionated 
by polyacrylamide gel electrophoresis. The incorporation 
of urea (Neville, 1967) or detergent (Dulaney and Touster,
1970) into the gel seems to be necessary to obtain 
reproducible separations. Under the latter conditions, 
many enzymes retain their activity and can be shown to 
run as single bands on an electrophoroetogram. Whereas 
detergents probably break the lipid-protein bonds completely* 
prolonged sonication whilst causing some release of lipid 
from protein (Bont et al., 1969) also releases lipoprotein 
complexes which can be separated by flotation in potassium 
bromide solutions (Barclay et .al.> 1967).
Much more interesting than these ‘pattern-producing5 
studies, are experiments in which the plasma membrane is 
separated into recognisable components. The tight junctions 
of rat liver plasma membrane have been separated by 
Benedetti and Emmelot (1969) after dissolving the rest of 
the membrane in 1$ deoxycholate, whilst the ‘knobs' which 
seem to cover the surface of the plasma membrane, and which
are seen in the electron microscope after negative 
staining, have heen shown to be released by papain and to 
be rich in L-leucyl-^-napthylamidase activity (Emmelot 
et al., 1968). Evans (1969) has fractionated membranes by 
vigorous homogenisation into a heavy fraction (density 1.21) 
which contained large sheets of membrane, especially intact 
bile canaliculi, and a light vesicular fraction enriched 
in all the enzymes except Na/K activated ATPase. The very 
light membrane prepared by Coleman's procedure (Method D) 
may correspond to this light subfraction.
The results of Evans raise the question as to whether 
the high purification of 5*-nucleotidase in our experiments 
is due to such a subfractionation of the plasma membrane P 
There are however, good reasons for rejecting this possibili 
in spite of our performing a fairly vigorous homogenisation 
(8 strokes of a Potter—Elvehjem homogeniser with a loosely 
fitting pestle rotated at 2,900 revs/min.) between the 
initial zonal separation and the flotation ^tep* Firstly, 
our membrane fragments are found at a density of about 1.18, 
slightly higher than the density at which EVans found 
membranes before he went on to fractionate them.
Secondly, a large proportion of the protein of the original 
zonal fraction is recovered with the 'plasma membrane' in 
the pellicle; of that found in the pellet, about 20$ can 
be clearly assigned to mitochondria and another 20$ to 
microsomes. Evans, on the other hand, found that about 
80$ of the protein of his fraction was recovered in the 
1.21 band after rehomogenisation under his conditions. 
Thirdly, the morphology of our purified fraction differs 
from that of his 'light' fraction, in consisting mainly
of small sheets, not closed vesicles. We would therefore, 
conclude that our final preparation gives a fairly 
representative sample of the part of the plasma membrane 
which remains as large sheets after the initial homogenisation 
although the possibility cannot be excluded that there 
may be some, enrichment in 'light* vesicles of high enzyme 
content,
5/ Fractionation of Subribosomal Particles
The early experiments described in this thesis 
indicated that the rapidly labelled RNA found in the region 
of the plasma membrane band after equilibrium centrifugation 
of microsomes was, in fact, not associated at all with the 
plasma membrane, but was in small, freely sedimenting 
ribonucleoprotein particles. Further experiments indicated 
that, . . with the livers of fed rats or a rat hepatoma 
as Starting material, three distinct zones of particles 
could be separated by use of a B-XIV or B-XV zonal rotor 
in addition to soluble proteins and microsomes.
The nature of the particles present in the three 
regions separated in the zonal centrifuge was examined by 
a number of techniques. The homogeneity of each region 
was tested by recentrifugation on sucrose gradients after 
concentration by membrane filtration. The density of the 
particles was examined by equilibrium banding on caesium 
chloride gradients, while an estimate of the stability 
of the binding of protein to RNA was obtained by study 
of the effect of treatment with lithium chloride. In 
addition the RNA contained in the particles was extracted
and measurements made of its size distribution, labelling 
kinetics and, in the case of liver, its base composition*
These experiments were analysed with a view to 
obtaining answers to three distinct questions. Firstly, 
to enumerate the ribonucleoprotein particles present in the 
cytoplasm of the liver cell and, hence to determine the 
purity of the fractions separated on the zonal centrifuge. 
Secondly, to attempt to identify the messenger RNA contain!?, 
particles (informosomes) which have been postulated to 
exist free in the cytoplasm, but which have never been 
positively demonstrated therein. Thirdly, to look for 
possible differences between liver and hepatoma. These 
three problems will now be discussed in turn.
a) The Composition of the Fractions Separated in the
Zonal Rotor
The three peaks separated in the zonal centrifuge have 
been shown to correspond to particles sedimenting at 
80 S, 60 S and 40 S respectively. It is convenient to 
discuss the composition of each region separately.
i) 80 S Region
In liver, very little information is given by the 
distribution of ultraviolet adsorbing material, after 
re-centrifugation of material derived from this region, 
due to the numerous ferritin particles that are presents 
These are not separated from the 80S ribosomes on 
re-centrifugation, probably because the faster sedimenting 
portion of the heterogeneous population of ferritin partielv 
has already been selected during zonal centrifugation.
This contention is supported by the sedimentation 
coefficient of the main ultraviolet adsorbing peak found 
after re-centrifugation of particles from this region, for 
it is significantly higher than the sedimentation 
coefficient of the bulk of the ferritin particles.
The distribution of rapidly labelled RNA shows that, 
in addition to the ferritin particles and 80 S ribosomes, 
there are some 60 S ribosome subunits contaminating this 
region together with some small polysomes. Very many more 
polysomes are found in the hepatoma, in agreement with the 
smaller overall size of polysomes in this tumour (D. Lowe, 
unpublished experiments). As there is no ferritin in this 
hepatoma, the contamination of the 80 S region by 60 S 
particles is very evident. Examination of the RNA from 
this region in both liver and hepatoma shows it to be very 
similar to microsomal RNA both in size distribution and 
labelling kinetics. The presence of a few 60 S particles 
is, however, evident from the specific activity of the 28 S 
RNA Which is significantly higher than that of the 
corresponding region in microsomes. The predominantly 
ribosomal nature of the RNA found in this region in liver 
is further demonstrated by the base composition of the 
rapidly labelled RNA. In conclusion, therefore, the only 
particles present in this region, other than 80 S ribosomes 
are some 60 S subunits and small polysomes, cross-contavflina: 
from the lower and faster sedimenting regions respectively*
ii) 60 S Region
In liver, the 60 S region contained very little 
ribonucleoprotein, in contrast to the large amount which
is present In the corresponding region in hepatoma.
Yet some 60 S particles could be unequivocably detected by 
examination of the distribution of rapidly labelled RNA 
after re-centrifugation of material concentrated from this 
region. The ultraviolet absorbance pattern of these re-runs 
was, however, completely dominated by ferritin. The 
presence of some contaminating 40 S particles and 80 S 
ribosomes can also be detected; but the former, especially, 
are clearly present in very small amounts if allowance is 
made for their high specific activity. The 40 S and 80 S 
contaminants can also be detected in hepatoma, by 
re-centrifugation of this region, but there is, In addition, 
a 100 S peak which is unlike anything found in liver. 
Comparison of the relative amounts of the 80 S and 100 S 
peaks in re-runs of the 60 S and 80 S regions show that the 
100 S peak in the 60 S region cannot be simply due to 
contamination from the 80 S region* The 100 S peak is 
therefore probably a dimer of the 60 S particle.
This hypothesis is strengthened by the observation 
that if the 100 S region is isolated, there are many more 
60 S particles present than could derive from cross 
contamination. Their presence can, however, be easily 
explained if it is assumed that the dimerisation of the 
60 S particle to give the 100 S particle is reversible.
When the RNA of the 60 S region is extracted, .there 
is, especially with liver, much more 18 S RNA than can be 
explained by contamination of this region by 40 S particles 
and ribosomes. As there is strong evidence that 60 S 
ribosomal subunits contain bnly 28 S RNA (Perry, 1966,
Girard et al,, 1965) there must either be some 60 S particles
containing non-ribosomal RNA or specific breakdown of 
28 S RNA to 18 S (Venkov and Hadjiolov, 1967? Pessev 
et al.? 1968). The specific activity of the 18 S RNA 
is of little help in tracing its source, for it could 
equally well be due either to a mixture of material similar 
in specific activity to the RNA of the 40 S region with 
some ribosomal 18 {3 RNA, or breakdown of the 28 S RNAo 
The base composition of the rapidly labelled RNA from this 
region makes it clear that, in liver, at least, there are 
60 S particles containing non-ribosomal RNA. This RNA is 
probably contained in particles other than the 60 S 
ribosomal subunit, for Henshaw and Loebenstein (1970) 
showed that, after labelling for short periods, a large 
proportion of the rapidly labelled RNA found in the 60 S 
region banded at very low densities after centrifugation 
on caesium chloride gradients..
iii) 40 S Region
In liver, re-sedimentation of the particles isolated 
from the 40 S region showed that at least two distinct 
populations of particles are present, whereas with hepatoma 
this region appeared to be homogeneous except for some larg 
proteins. The latter observation suggests that the 
heterogeneity in liver is not due to contamination of the 
40 S region by 60 S particles. The possibility of 
contamination f‘ om the 60 S region can be completely ruled 
out by two further considerations. There are two possible 
contaminants to consider, 60 S subribosomal particles and 
ferritin particles. Contamination by the former can be 
excluded because of the complete absence of 28 S RNA from 
the RNA extracted from either the slow or the fast
sedimenting sides of this region. The rihonucleoprotein 
nature of both the slow and fast sedimenting components 
of the 40 S region is shown by their uptake of RNA 
precursors; therefore neither peak can be entirely due 
to ferritin. The possibility that the two peaks are an 
artefact produced by the concentration process can be 
excluded by the non-uniformity of the labelling of the 
RNA extracted by KOH from the slow and fast sedimenting 
sides of the 40 S peak in the original zonal run. Likewise 
the homogeneity of the 40 S peak in hepatoma as 
demonstrated by re-centrifugation is confirmed by the 
homogeneity of the labelling of different parts of the 
peak in the original zonal run.
Some information about the nature of the two components 
of the 40 S p,eak in liver is given by examination of the 
properties of 'the RNA extracted from the slow and fast 
sedimenting sides of this region. 18 S RNA is the 
predominant component in both sub-regions, although the 
necessity of adding carrier 4 S RNA prevents any estimation 
of the amount of low molecular weight RNA in the original 
fraction. The similarity of the rate of labelling of the 
18 S RNA from the two halves of the peak shows that the 
difference in the specific activity of the total RNA 
extracted from the two sides of the region must be due to 
the presence on one side of particles carrying some RNA 
of a smaller size. This is supported by the finding 
that large amounts of rapidly labelled heterodisperse RNA 
are present in both halves of the peak in liver. In 
tumour, on the other hand* there is very little newly
synthesised RNA other than the 18 S component, and that 
which does exist is concentrated into a small peak, 
migrating slightly faster than the 18 S RNA.
Measurements of the base composition of the rapidly 
labelled RNA do not show the differences between the 
total RNA and the 18 S component, and between the RNA 
extracted from the two halves of the peak, that might have 
been expected. These experiments indicate that, after 45 
minutes labelling, most of the newly formed RNA present
in this region is not like ribosomal RNA in base
composition, although, as the time of labelling is 
increased, so is the similarity to ribosomal RNA. One 
possible explanation for the similarity of the base 
composition of the two regions is that the slow sedimenting 
side of the region is contaminated by bytidine-rich 
and guanine-rich tRNA. However, this possibility is 
virtually ruled out by the absence of 4 S RNA from the 
40 S peak in tumour. The rapidly labelled 4 S RNA visible 
in electrophoretograms of the RNA extracted from the 
40 S region in liver is therefore probably due to smaller 
fragments of the heterodisperse RNA, which will be 
concentrated in this region due to an artefact.
Certain conclusions can be drawn front these expert-menr 
Both the slow and fast moving components of the 40 S 
peak in liver contain 18 S RNA, but there is no evidence
for any difference in the labelling of this RNA. This
shows that newly synthesised ribosomal subunits are not 
proportionally concentrated in one sub-region. It is
possible that the two sedimenting zones are due to the 
two forms of the ribosome subunit detected by Henshaw and 
loebenstein (1970) by centrifugation on caesium chloride 
gradients. This hypothesis receives some support from the 
preliminary experiment on the equilibrium banding densities 
of the particles from the faster and slower sides of the 
40 S peak, and from comparison of the results with 
re-sedimentation experiments. Hence, the 35 S and 45 S 
particles separated by re-centrifugation correspond to 
the 'light' and 'heavy* forms separated by Henshaw and 
Loebenstein.
However, there is also clear evidence for the presence 
of particles besides the two forms of the ribosomal 
subunit in the 40 S region. In spite of the poor recovery 
of rapidly labelled RNA in the experiments on banding the 
particles in caesium chloride gradients, it is clear that 
a large percentage even of the RNA remaining in the gradients 
is not associated with either form of the ribosome subunit.
It is, therefore, reasonable to assume that this RNA, and the 
rapidly labelled RNA Clost*, probably 'into a pellicle) is 
due to the presence of particles carrying non-ribosomal 
RNA, whose presence is also indicated by the J p base 
composition of the rapdily labelled RNA found in the 40 S 
region of the zonal gradient. The simplest way 
of explaihing these observations is to postulate the 
existence of a particle, sedimenting at about 35 S, which 
contains LNA-like RNA. The results of the caesium chloride 
banding experiments indicate that it may be considerably 
lighter than the ribosomal subunits. These 1informosomes'
seem to be broken down by 2 M LiCl, but it is not clear 
from the preliminary results described in this thesis 
whether or not the slower sedimenting form of the ribosome 
subunit is broken down at the same time.
From these experiments, and from other work described 
in the literature, a picture can be built up of the 
various ribonucleoprotein particles present in different 
tissues (Table 5.6). It can be seen that there are two 
major differences between liver and rapidly growing tissue 
culture cells (typified by L cells) viz. the unique 
heterogeneity of the 'recycled* small subunits in liver, 
and the difference in the size of the particles containing 
DNA-like RNA. The methods developed in this study should 
prove extremely useful in the examination of these 
differences. Whereas earlier authors have merely 
separated the three main groups of particles 40 S, 60 S 
and 80 S by rate zonal centrifugation and have relied on 
isopycnic separations in caesium chloride gradients for 
more subtle separations, in the present study rate-zonal 
centrifugation has been used at all stages. This means 
that particles are recovered undamaged* since no prior 
fixation with formaldehyde is necessary as when caesium 
chloride gradients are used, and the RNA and proteins of 
the particles can therefore be separated and studied in 
more detail.
TABLE 5.6
Comparison of the sedimentation coefficients and 
densities of ribosomes and subribosomal particles from 
liver and L cells.
Particle Tissue Sed.Coeff
Dens ity 
CsCl
Small subunit Newly formed L cells 40 1.46
H t» Liver 45 1.48
M Recycled L Cells 40 ^ 1.49
n 1 Liver 35 and 45 1.44
Large subunit Newly formed L cells 60 1.57
n it Liver 65 1.56
11 Recycled L cells 60 1.55
1 if Liver 65 1.60
Ribosomes L cells 76
Liver 80 l a  57
Cytoplasmic 'Informosomes*/ L cells 35 - 80 1.38
n it Liver 45 1.39
Derived !Informosomes,++ L cells 12 - 60 1.45
Liver 30 - 60 1.46
Nuclear TInformosomesr _ .Liver 30 - 200 S 1.34
1.44
References:
1*4 5
for L Cells; Perry and Kelley, 1965, and 1968c 
for liver cytoplasmic particles 
Henshaw, 1968 and Henshaw and Loebensteins>1970* 
for liver nuclear:- Parsons and McCarty*
1968; Samarina et al., 1968.
*
Two forms of the particle with different densities 
and sedimentation coefficients have been separated.
'Particles containing rapidly labelled, non-ribosomal ETTA.
+Particles containing non-ribosomal RNA dissociated from 
polysomes by treatment with EDTA.
Nuclear particles containing non-ribosomal RNA.
b) The Distribution of Particles carrying DNA-like RNA.
Analysis of the base composition of the rapidly 
labelled RNA of the small cytoplasmic ribonucleoprotein 
particles in the cytoplasm shows that, after 45 minutes 
labelling, much of the newly formed RNA in particles 
sedimenting in the 40 S and 60 S regions is not ribosomal. 
Re-centrifugation has shown that a high proportion of 
this RNA is concentrated in particles sedimenting at about 
*35 S?. Additional evidence of this localisation comes 
from the distribution of rapidly labelled RNA 20 minutes 
after the injection of the precursor, or the distribution 
after blocking the synthesis of ribosomal RNA by actinomyci. 
Do It has been shown (B.M. Mullock, unpublished experimant 
that, in the latter case, the newly formed RNA in the 40 S 
region corresponds to the heterodisperse RNA which, in 
untreated rats, is seen in addition to 18 S RITA in 
electrophoretograms of RNA from this region,
Tlius it may be concluded that the DNA-like RNA is 
located in the ’hypothetical* 35 S particles discussed in 
the previous section. This particle resembles In respect 
of its low density and sensitivity to lithium chloride 
the larger particles carrying DNA-like RNA found in 1 cells 
by Perry and Kelley (1968). Henshaw and Loebenstein (1970) 
also showed that, in liver, the DNA-like RNA of the 40 S 
region is concentrated in particles which band at lower 
densities than the ribosomal subunits.
Besides these resemblances to cytoplasmic particles 
described by other authors after fractionations on 
caesium chloride gradients, the 35 S particle seems to
resemble the nuclear particles^in rat liver by Samarina and 
her colleagues 1967a and subsequently confirmed in rat 
liver (Parsons and McCarthy, 1968) and other tissues 
(Ktfhler and Arends, 1968 and other authors). It has been 
shown that these structures are really subunits of much 
larger particles feamarinaet al.» 1968). The distribution 
of DNA-like RNA after centrifugation of rat liver post- 
lysosomal fraction is consistent with these large partic3.es 
entering the cytoplasm intact, but being broken down to 
some extent after breakage of the cell during homogenisation* 
This would explain the finding that rapidly labelled,
DNA-like RNA is concentrated in the 35 S region although 
It is also present in smaller amounts throughout the gradient,. 
Tbs hypothesis is strengthened by the work of Henshaw and 
Loebenstein (1970) and Perry and Kelley (1968), who showed 
in liver and L cells respectively, that the partic3_es 
containing the DNA-like RNA are very similar in density, 
whatever their sedimentation coefficient. The difference 
in size between the particles recovered from liver and 
L cells may be explained by differences in the amount of 
free ribonucleaee activity in the cytoplasm of the different 
cells.
c) Differences between the Subribosomal Particles in 
Liver Hepatoma
Two major differences were found between the subribosomal 
particles from liver and those from the rather rapidly 
growing hepatoma used in these studies. In liver, the 
40 S region was homogeneous in rate zonal centrifugation,
whereas in the hepatoma, it was heterogeneous. In addition 
there were very small numbers of 60 S particles in liver 
as compared with the hepatoma* In the latter, the ratio 
of the 60 S particles to 40 S particles, after allowing 
for the greater molecular weight of the 28 S RNA in the 
60 S particles, was about 1:1. This is similar to the 
ratio in a lymphoma (Kedes et al., 1967) and In cells in 
tissue culture (Perry and Kelley, 1966, Ristow and Kdhler, 
1968). The homogeneity of the 40 S region in hepatoma was 
parallelled by the homogeneity of the RNA extracted from it 
The only trace of rapidly labelled, heterodisperse RNA as 
found in liver was a small, well-defined peak migrating 
slightly faster than the 18 S RNA. No definitive 
interpretation of these results can be produced until many 
additional experiments have been performed. Theories to 
guide these experiments can however, be formulatede
The resemblance in the pattern of subribosomal partiel 
between tumours and cells in tissue culture may reasonably 
be thought of as indicating similarities in the state of 
growth. The difference between the fast growing cells arid 
liver may be explained by variations in the supply of 
different particles from the nucleus. Thus, the rapidly 
growing tumour cells may require a fast supply of ribosomes 
to replace those lost in cell division. If there is a 
large pool of subunits, then informosomes may be incorporai- 
into polysomes very soon after entering the cytoplasm,,
In liver, on the other hand, the slow growth rate may 
require only a limited supply of ribosomes to replace those 
lost by damage, and therefore the supply of 1 informosomesf
to the cytoplasm may he rate-limiting
This theory may he objected to on the ground that 
polysome breakdown entails release of one of each type of 
subunit; accordingly since over 80$ of the free subunits 
In the cytoplasm are recycled (Henshaw and loebenstein, 1970 
there should be equality in the size of the pool of 60 S 
subunits. However, as it is the small subunit that binds 
the messenger RNA it may have to undergo a cleaning and 
priming process before it..is recyeled. This Idea is further 
supported by the presence of ribonuclease activity in this 
region of the zonal gradient, apparently associated with 
the faster sedimenting form of the subunit (K.A. Norris, 
unpublished experiments).
However, a quite different explanation can be 
proposed as an alternative. In liver, a very high 
percentage of the ribosomes are membrane bound (Blobel 
and Potter, 1967) whereas most of those in the tumours ai?.d 
in tissue culture cells are free. The 60 S subunit is very 
firmly bouiid to the endoplasmic reticulum membrane.
(Sabatini ejfc al., 1966), hence it may well be that when the 
polysome falls apart on completion of the protein chain, 
only the 45 S subunit may be released, the 60 S subunit 
remaining firinly bodnd to the membrane.
Only further experiments can test the truth of these 
theories. It would seem, however, that the heterogeneity 
of the 40 S subunit in liver is not an artefact of the 
preparation methods, for it can be demonstrated by two
quite different techniques. Evidently, the use of repeated 
rate-zonal sedimentation to separate the particles, by 
avoiding the necessity for formaldehyde fixation, will 
open the way to a study of the differences between the two 
types of subunit. It is to be hoped that such studies will 
shed light on the obscure process whereby the three 
component parts, small and large ribosomal subunits and 
the informosomes are assembled to form a polysome, enabling 
protein synthesis to commence.
6) The Use of Zonal Rotors
The uses of zonal rotors have been reviewed recently 
in the symposium Reparations with Zonal Rotors1 (Reid, 
1970) held at the University of Surrey. It would seem 
clear that the most interesting results have been 
obtained in the subfractionation of large membraneous 
organelles. A secondary use has been for the large scale 
fractionation of small particles, such as polysomes, or 
ribosomes and their subunits, which can be separated only 
by zonal centrifugation, in other words, the technique cf 
rate-zonal centrifugation, hitherto restricted to use with 
small particles, such as polysomes, has been extended to 
cover the fractionation of particles.up to the size of 
whole cells. A further use of zonal rotors is the large- 
scale fractionation of viruses. Continuous flow rotors 
are normally used for this purpose and the techniques 
are quite different from those used in the batch separation 
of subcellular organelles and the subject will, therefore, 
not be considered further.
In practice, the most important advantage of zonal 
rotors seems to he their ability to separate large particles 
on the basis of their sedimentation rate. With small 
particles, on the other hand, the only advantage zonal rotors 
have over other types of rotor is their greater capacity.
The study of ribonucleoprotein particles in this thesis 
is an example of how this high capacity can be used as a 
base for further fractionation, in the same way as, in the 
separation of large organelles, differential centrifugation 
may precede the fractionation in the zonal rotor. In 
general, therefore, the large capacity of zonal rotors has 
been less exploited than might have been expected. This 
is mainly because increasing the amount of material in the 
sample will cause droplet sedimentation. As has been noted 
in the preceding section, samples containing more than ten 
or twenty grams of material cannot be handled on the gradient- 
described in this thesis. This limit may be raised by a 
better understanding of the factors affecting the stability 
of sedimenting zones (Spragg, 1970, Meuwisseh, 1970), but 
there are inherent limits which make differential 
centrifugation the tool of choice when yield rather than 
purity is the object of a separation. The chief value 
of the zonal centrifuge as a preparative tool is its ability 
to separate in bulk particles that are too similar in mtze 
to be separated by classical techniques.
Whilst the scaling-up of the separation of small 
particles for the zonal rotor is a purely technical 
exercise, the scientific problem has been to devise and 
interpret experiments which take advantage of the
separating power of zonal rotors. In respect of separation, 
the basic difference between, for example, polysomes and 
the large organelles of the cell is that, while the former 
are made up of a series of populations of particles, each 
population being characterised by a particular sedimentation 
coefficient and density, the latter are made up of groups 
of particles none of which is internally uniform either in 
size or in density, There is, therefore, no way of telling 
whether a 'poor1 separation is due to bad technique, or to 
a genuine overlap in the properties of the two populations 
of particles. Therefore, if the properties of two types 
of particle are to be studied, one of three approaches must 
be adopted.
The first approach is to obtain a fraction containing 
the desired particle as free as possible from contamination 
by other cell organelles and to assume that everything 
contained in this fraction derives from the organelle under 
study. It is very easy to satirize this approach, but in 
practice it is very easy to adopt unintentionally. For 
example the glucose-6-phosphatase activity of plasma membrane 
fractions has been taken to represent a genuine constituent 
of the membrane because it has not been possible to remove 
it by variations in the purification procedure and because 
there were no recognisable endoplasmic reticulum vesic3.es 
in the fraction. Comparison of the activities of a 
number of enzymes known to be present in the endoplasmic 
reticulum shows them all to be present in comparable 
amounts in the plasma membrane preparations, this finding 
together with the cytochemical results mentioned earlier
indicates that the apparent localisation of glucose-6- 
phosphatase in the plasma membrane is in fact an artefact 
of the separation method.
A second possible approach is to take a selected part 
of the papulation of some subcellular particles which is 
not contaminated by other cell organelles as the ‘pure* 
fraction. This approach has also been widely adopted, 
for example in the purification of lysosomes, but has the 
disadvantage that there is no reason, a priori, for 
assuming that the portion of the population selected is 
typical of the whole. This approach may break down 
completely, as in the subfractionation of microsomes 
(Fitzsimons, 1969) where the degree of overlap is so 
great that there is essentially no *uncontaminated1 portion.
The third approach is to analyse the data from a 
separation experiment so as to make allowance for 
contaminating material. An early example of this approach 
is found in the work of Hflbscher, West and Brindley (1965)» 
where the properties of 'pure1 intestinal membranes are 
deduced from measurements on an impure preparation by 
subtraction of activities demonstrably due to contaminants* 
This approach can, howevef, lie carried out only if the 
contaminating material can be purified. In general, this 
is not the case. Some form of statistical analysis of the 
data is therefore necessary. There are three ways in which 
this may be carried out? by the curve-fitting methods 
described in the Introduction, by cluster analysis of the 
measurements made, or by selection, usually on cytochemical
grounds of certain activities to act as markers for 
particular particles, further analysis being based on 
these. It is this last approach which has been used in 
this study. The question of how much confidence which can 
be placed in the results of such analysis has already been 
discussed.
The assumption made during such mathematical analysis 
of the results is that all intracellular components have 
been identified and that each contains a marker which is 
homogeneously distributed among the particles which make 
up that population. In general, this assumption is not true. 
The result of the analysis of the distribution of some 
enzymic or chemical component will then be that the pattern 
obtained cannot be explained solely in terms of the markers 
assayed. A hypothetical additional particle can then be 
postulated which contains the 'unassigned' activity, and 
the properties of this particle determined from analysis 
of the results of a series of separation experiments performed 
under different conditions.
Analysis of the distribution of a single component 
will not show whether the additional activity is due to the 
presence of an additional 'unknown1 particle, or to the 
uneven distribution of enzymes within a population. Two 
methods can be used to test whether the activity is in 
fact within a separate particle. If the activity can be 
separated from the main part of the fraction with which 
it is associated, the case is proved: one example is
the discovery of microbodies., and their separation from 
the main bulk of the lysosomes. The second test is to
demonstrate by cytochemical staining that the activities 
are in fact in morphologically distinct particles. If 
neither of these tests is feasible, a test may be made by 
assuming that there is a new particle present indicated by 
the enzyme. The distribution of a series of other enzymes 
also thought to be in the fraction to which the new ‘marker5 
was thought to belong can now be assayed. If this analysis 
shows that the activities can be sharply divided into two 
classes, one class associated with the original marker, the 
other with the ‘new‘marker, then there is a strong indication 
that there are indeed two separate particles present. If, 
on the other hand the analysis does not demonstrate this 
bimodality, then it is probable that the difference between 
the distribution of the various activities is due to the 
particles being heterogeneous in the sense that each contains 
some of all the activities.
In conclusion, It is clear that, if used properly, 
zonal rotors are veryr‘powerful tools for the fractionation 
of subcellular elements. In spite of their large capacity, 
it seems likely that their main use In basic biochemistry 
will be fbr the analysis.of subcellular particles with 
greater resolution than has hitherto been obtainable. The 
results from zonal rotors should be susceptible to much m o m  
rigorous mathematical analysis than was possible with the 
very crude separations obtained by use of differential 
centrifugation, although the mathematical techniques 
for this analysis have not yet been fully developede 
The results of such an analysis will be a relatively exact 
method for the determination of the distribution of materia.1 
within the cell. This analysis need not of course be
restricted to the examination of endogenous components 
such as enzymes, hut might well he extended to exogenous 
components such as carcinogens or drugs. Determination of 
the mode of action of these compounds would he made much 
easier if it could he shown that some, at any rate, of the 
very diffuse distributions published at the present time 
were due to binding of the component to only one or two of 
the subcellular components, the remainder being due to the 
cross-contamination between fractions.
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APPENDIX I
THEORY OF 1 DOUBLE PUMP' GRADIENT MAKER
As the construction of our gradient maker is fairly 
simple, consisting of a mixing vessel into which liquid was 
pumped at a rate r^, and from which it was extracted at a 
rate r^, it is possible to predict mathematically the shape 
of the gradients which will be produced. It is clear that 
these will be a series of curves related to the exponential 
curve which occurs as a special case when the inflow and 
outflow rates are equal.
In order to simplify the equations it was convenient to
express the concentrations of the solutions, the volumes of
gradient pumped, and the pumping rates in relative terms. Thus
the pumping rates were given as the ratio r of the rate of
input to the mixing vessel and the rate of output from it.
As the shapes of the gradients produced by our apparatus are-
related to those formed by an exponential gradient maker
it is convenient to express the concentration at any
point in the gradient as its relative increase !,e" over the
initial concentration C . The relative increase ino
concentration !'c" is defined as (C - C )/(Cadd - G ) where Co o
is the absolute concentration of the liquid at any point in 
the gradient and Cadd is the concentration of liquid added 
from the reservoir. The volume of liquid pumped is given in 
the final equation as v, the ratio of the volume of gradient 
formed to the initial volume of liquid in the mixing chamber.
With these transformed variables it was possible to construct 
a relatively simple equation and to examine all the possible 
variations in shape*
If the initial volume and concentration of the liquid in
the mixing chamber are M and C and liquid of a concentrationo o
Cadd is added from the reservoir, -then at any time t the total 
volume of gradient pumped is
V * r2t (1)
and the volume of the liquid in the mixing chamber is
M a* + (r^ - r2>t (2)
By equating the change in mass of liquid in the mixing 
chamber to the difference in mass between the liquid pumped 
into the mixing chamber and that pumped out in time dt if dC 
and dM are the change in concentration and volume of the liquid 
in the mixing vessel then
(C + dC)(M + dM) - CM ar. Cadet - r2 C)dt (3)
If t, dt, M, and dM are expressed in terms of V and dV by
equations 1 and 2, equation 3 can be expanded and limits taken, 
to give
tM° + ' r2 )V/r2]  d° + “ r2  ^ 2  = (rl °add " *2 C)
dV/r2
If new variables r s and v = V/Mq are defined, the
last equation may be rewritten as
jl + (r - + C(r - 1) dv =- (r Cadd; - C) dv
or
1 + (r - 1)v dC = r(Cadd - C) dv W
At the start of the gradient V as v 0 and C = C where
o
CQ is the- initial concentration of liquid in the mixing vessel* 
Thus, on integrating equation
§f~| f - rA r - 1)m in |l + (r - 1)vJ if r £ 1 
o
which may be rewritten
(Cadd - C)/(Cadd - Cq ) s  |l + (r - 1)v} -r/ (r~1 > 
or defining a.new variable c = (C - CQ )/(Cadd - CQ )
t ^ 1 —p/ (r —1 ) / r-\c = i - p  + kr - n;vj ' v (5)
If r st 1 then equation integrates to give the equation 
for an exponential gradient maker
c =t 1 - e*~v (6)
APPENDIX II
Mathematical Techniques used to Analyse the Distribution of 
* Unknown1 Material among Cell Organelles
The basis of the problem of analysing the distribution of 
an 1unknown* material among subcellular organelles has been
discussed in the chapter of the Introduction entitled.
'Analysis,of the Results of Separation Experiments*. As was^
stated then, the results of a fractionation experiment can be
expressed in the form
ra
x i + 2  p i j  ° i  *  1 » '  a  1  n  ( 1 )
i=1 •
•  th
where a^ is the proportion of the *unknown* activity in the i
organelle, p. . is the purification of the i^*1 organelle in the 
3^
fraction and x . is a slack variable representing the proportion 
3
thof the 'unknown* material in the j fraction which cannot be 
assigned to any of the cell organelles. In these experiments, 
the purification was normally calculated as
%
p. . a — ---------------------------------------- (2)V
where Qq and are the percentages of the 'unknown* material and
th *the i marker respectively which are recovered in the fraction
loaded on to the zonal rotor, and and are- the percentages
of the material loaded on to the zonal rotor which are recovered 
thin the j fraction. As it .is difficult to estimate exactly the; 
volume of liquid loaded on to the zonal rotor, the percentages 
q ^  and q ^  were normally estimated from the amount of material
recovered from the zonal rotor, and the recoveries only used to 
make sure there was no specific loss of any one marker*
Certain other conditions restrict the possible solutions of 
equation (1)i All the ’unknown1 material must be somewhere in 
the cell so
m
x + X "  = 1 (3>
i=1 1
and as no organelle can contain less than none, or more than all 
of the ’unknown’ material,
0 ^  i = 1* ••*•*.in* (*f)
The problem is therefore in the correct format for a solution 
by linear programming methods (Gass-, 1969) providing that m# 
However, the standard errors of the purifications p ^  are high 
for individual fractions, as each value is a function of six eazym 
or chemical estimations (see eqn. 2), viz* the amounts of unknown 
and marker material in the homogenate, the fraction loaded on to 
the zonal rotor and the activity in a fraction recovered from the 
rotor. Standard linear programming methods make no allowance? for 
such random errors* Hence the program will be constrained by the 
random overestimates of the purifications to produce serious 
underestimates of the proportion of the unknown material 
associated with each of the markers.
As can be seen from equation 2, errors in the purifications 
can arise either from errors in the estimations on the fractions, 
from the zonal rotor, or on the ’control’ fractions (the?
homogenate and the sample loaded on to the zonal rotor). Errors^
from the first source can be reduced by grouping the results,
usually into 1 regions*such as the ‘mitochondrial* or * plasma 
membrane* zones separated on the A-XII zonal rotor. Errors from 
the second source are much more difficult to deal with. Clearly, 
extreme care must be taken in all the assays on the ’control* 
fractions when the results of an experiment are to be subjected 
to mathematical analysis, but even so there will be a residual 
error. This can be reduced if the results of several runs can be 
averaged, but this introduces further computational and biochemical 
problems (see the Section on the'Mathematical Analysis of Results* 
and Leighton, et al., 1968);
Thus the results of analytical experiments can be presented 
in three ways, the grouping 1, 2 and 3 of Section IV of the
thesis. These correspond toi-
1) Direct presentation of the results of the analysis of
individual fractions.
2) Assays summed over a particular region but results of
different experiments separate.
3) Assays grouped over regions, and the results of similar
experiments averaged.
The first method of presenting the results is not suitable 
for use with linear programming methods for reasons which have- 
already been discussed, but may be used with an alternative 
method of analysing the data. This alternative method is to 
assume that the ’unknown* material is entirely distributed among 
the cell organelles indicated by the markers which have been
assayed* In -this case
x = 0, j = 1**...*n*
J
so that equation 1 simplifies to 
m
Pij^-1. j = (5)
It should be noted that, if the starting fraction is not the whole 
homogenate, this does not imply that
X = 0.
A fbest' solution to the set of equations given in (5) if 
n> m can be found using the method of least squares* If a. 
computer with software for handling matrix operations is 
available, then this solution can be found rather easily*
Equation (5) can be re-written
P(n,m) x A(m,l) = B(n,l) or PA = B. (6)
where B is a unit matrix with n rows. If both sides of (6) are
multiplied by the transpose of P then
P'PA = P ’B 
or A = P ’B (P>P)“1 ,
which can be evaluated as P ’P, must be a square matrix*.
Certain properties of a solution obtained by this method 
should be noted. The proportion of the unknown activity assigned, 
to each organelle will tend to be an over-estimate, for if the 
initial assumption is, as is normally the case, incorrect, the 
program will*try* to divide as much as possible of the activity
among the markers allowed for. A second point is that if there
XT*
1=1
is not sufficient separation between the different organelles, 
very misleading estimates will be obtained* As with this method 
of analysis there are no constraints on the values a^ may take, 
some organelle may be.assigned 300% of the 1 unknown* activity*
This sort of nonsense is, however, much less dangerous than the 
apparently sensible answer which has in fact arisen by chance* 
Fortunately there are techniques, such as Monte-Carlo methods* 
where random variations are fed into the values of p . w h i c h  will 
test this possibility.
In spite of the initial assumption that all the activity is-
accounted for by material associated with the markers, this;
method can be used to examine the distribution of unassigned 
material* The amount of material not associated with the markers 
is given as the matrix ERROR in
ERROR = B - PA.
If there is a significant amount of unassigned activity, it will 
be found that the ERROR in fractions in which the initial 
assumption was approximately true is negative, due to the 
overassignment mentioned earlier, but if the unassigned activity 
has a:definite distribution, it is readily visible (see 
Section IV). If, however, the 1unassigned1 material tends: to 
accompany one of the cell organelles specifically in at large;
number of fractions, as happens with ’unassigned1 protein and
plasma membrane fragments during experiments on the subfractionation 
of microsomes, then a,considerable overestimate of the amount of 
unknown material associated with that fraction will result.
This condition becomes evident by ai large discrepancy between the 
results obtained by solving the problem as a series of linear
equations, as just described, and the linear programming solution* 
It is also evident from the large negative values attached to thee 
ERROR variable in fractions where the organelle and contaminant 
have been separated.
Using the ’least squares’ method of solving the equations 
it is possible to weight the assays*according to their accuracy. 
Thus, it is known that many assays lose accuracy at both ends of 
their range, but have fairly constant accuracy elsewhere. 
Weighting factors can be introduced to allow for this. In the. 
work described in this thesis, however, no weighting of the 
equations was employed, although the effect of grouping the: 
results of experiments as described earlier during discussion of 
linear programming methods was tried.
APPENDIX III
Factors used to correct the Enzyme Activities for Sucrose: 
Inhibition and Codes used to denote different Assays-in
the Computer
As has been shown in the Results section, the effect of 
sucrose on enzyme activity is an inhibition linear with sucrose: 
concentration* As the density of a sucrose solution is 
approximately linear with concentration, the sucrose inhibition 
curve can be represented as linear with medium density, by an 
equation of the form
% Activity = 1 - ( p ~ l ) x  sucrf. 
where p is the density of the assay medium and sucrf is a constant 
characteristic of the enzyme* As it stands, the factor sucrf 
depends on the dilution of the sample by the assay medium* I f s 
however, a; variable SUCRF is defined so that
sucrf ss SUCRF x Aliquot of sample/total incubation volume 
then ai table of inhibition factors can be drawn up. This is 
shown below -together with the code numbers which are used to 
identify each assay in the input to the data processing programs 
described in Appendix IV and the abbreviated form of the name of 
the assay printed in the computer output.
Code Assay SUCRF Abbreviation
1 Density ~ai DENS
2 (not assigned) - ai space is left
3 Protein (Lowry method) 4-.0V PROT
k 5*-Nucleotidase (AMP) *f#88 AMPSE
Code/ Assay SUCRF Abbreviation
5 5* -Nucleotidase 4*52 UMPSE
6 Adenosine diphosphataso 2.6 ADPSE
7 Uridine- diphosphatase 2,7 UDPSE
8 Inosine diphosphatase f.2.7]b IDPSE
9 Thyiamine pyrophosphatase TPPSE
10 Adenosine triphosphatase (Mg) 2.74 ATPSE
11 Uridine diphosphatase 2.74: UTPSE
12 Glucose-6-phosphatase 3.7 G6PSE
13 p-glycerophosphatase (pH 5) 1.2 BGPSE3
14: 0 -glycerophosphatase (pH 9) - BGPSE9
15 p-nitrophenolphosphatase (pH 5)- PNPPSE5;
16 p-nitrophenolphosphatase (pH 7)- PNPPSE7
17 p-nitrophenolphosphatase (pH 9)- PNPPSE9
18 Ribonuclease (pH 5, no Mg) 1.64* RNASE5
19 Ribonuclease (pH 8, no Mg) 1.52* RNASE8
20 Uricase 4.38* URICASE
21 Succinate dehydrogenase 
(INT acceptor)
k.66+ SUCINT
22 RNA - RNA
23
'I if-
RNA labelled with a. ' C 
containing precursor -
RNAC14
24 DNA - DNA
25
1*f
DNA labelled with a C 
containing precursor
- DNA14C
26 DNA labelled with a. ^ H 
containing precursor
- DNAT
27 Ferritin - FERR
28 Monoamine oxidase (kyneuramine- «/•/£ 
substrate)
MAO
29 Fraction volume - VOL
Code Assay SUCRF Abbreviation
30 Tissue blank (OLDREAD)® - No space left
31 Esterase - ESTERASE
32 Haemoglobin - HB
33 Cytochrome b,_ - £5 :
3^ Cytochrome - P450
35 Na/K activated ATPase [2.74] NA ATPASE
36 L-leucyl p-naphthyi amidase 3.8V4 LNA
37 Phosphodiesterase (pH 5» no
Mg) - PDIESE5
38 Phosphodiesterase (pH 9» no
Mg) - PDIESE9
39 (not assigned) - No space left
40 Ribonuclease (pH 5* Mg
present) [1.6V] MG RNASE5
41 Ribonuclease (pH 8, Mg
present)
MG RNASE8
42 Phosphodiesterase (pH 5? Mg
present) - MG P2ESE5
43 Phosphodiesterase (pH 8, Mg
present) -
MG P2ESE8
44 p-glucuronidase - B-GLUCASE
4^ Acid sulphatase (p nitrophenol
sulphate) ~
S04ASE
46 p-glue osidase - B-GLUASE
47 j3 - galac t o si das e - B-GALASE
48 Phenolphthalein phosphatase
(pH 5)
- PHPHPSE5
49 Phenolphthalein phosphatase
(pH 7) PHPHPSE?
50 Phenolphthalein phosphatase
(pH 9)
- PHPHPSE9
51 RNase (no freeze.*-thaw, pH 5?
Mg) MG*RNASE5
Code Assay SUCRF Abbreviation
52
53
54
55
No determinations made, SUCRF assumed to be zero#
Provisional value, taken from the value for ax similar
enzymes
See Appendix IV.
Results of Mr. M.L.E. Burge (unpublished experiments). 
Results of Mr. G.C. Hartman (see Hinton et alM  1969)* 
Results of Mr. K.A. Norris^ (unpublished experiments).
a
b
c
*
+
A
ENase. (no frooao-thaw^pH 8, m g *RHASE8
RNase (no freeze-thaw, pH 5, H  6ifl *RNASE5
no Mg) L  * J  J
RNase (no freeze-thaw, pH 8 , f 1  *rnASE8
no. Mg) v  -1
Lipase:- - LIPASE
APPENDIX IV
COMPUTING PROGRAMS AND PROCEDURES USED IN THIS STUDY 
Introduction
Although development of the programs was continued 
throughout this project, the basic principles of the 
calculations have not been altered except in one instance. 
Therefore only the final versions of the programs will be 
discussed in this Appendix. The OLDREAD procedure described 
later contains the essence of the method first used to feed in 
datai for processing. After experiencing the difficulties of 
matching sections of programs together, the author decided to 
break down the programs into series of procedures, so as to ease 
the development of such programs as may be needed in the future. 
These procedures can be divided into three main groups, 
procedures handling the input and output of data, procedures 
involved in the calculation of the sedimentation coefficients of 
particles, and statistical procedures. During the following 
discussion, each of the groups of procedures will be discussed 
in turn, procedures which cannot be fitted into any of the main 
groups being discussed at the end. Within each group procedures 
will be grouped alphabetically, with the exception that 
subordinate procedures will be grouped with the procedure with 
which they are mainly used. An alphabetical index to all the 
procedures is given at the end of this Appendix. A full 
description is given of each procedure written by the author, 
but only the name and function of procedures supplied from the 
library of the University of Surrey Computing Unit. All 
procedures are written in the ALGOL dialect used by the
University o£ Surrey’s I CL 19Q5F computer. The programs are 
punched on cards and therefore use a restricted subset of the 
ALGOL symbols which omits all lower case letters.
In the second part of the Appendix, a bi’ief description is 
given of the main programs assembled from these procedures. This 
list does not include trivial programs such as those used for 
elementary statistics or to test the performance of the gradient 
maker. The programs are described in their fullest forms, 
although cutdown versions were made for particular purposes.
The information on core space and run time refer to the full 
program running with one batch of data and refer only to time 
spent in the central processing unit.
List of Procedures
1) Input and Output Procedures
Two distinct ways of introducing the results of zonal runs 
to the computer were used. The first method, used in early 
versions of the programs, involved a certain amount of 
preliminary manual calculation. ' This procedure is that used in 
the procedure OLDREAD, which was written to interpret the data 
already punched for running on early versions of the programs. 
This method of reading was, however, supplanted by a more 
developed method, embodied in the procedure NEWREAD which 
eliminates almost all the manual steps. A large amount of data, 
was punched in the OLDREAD format for running on the Elliot 503 
computer used by the University of Surrey before the acquisition
of the ICL 1905F* This data could not be read directly on 
the 1905F because the latter computer only recognises two 
spaces as a separator for data items, while on the 503 data 
items could be separated by any non-numeric character or by a 
single space. Rather than repunch all this data, a procedure 
READ503 was written to interpret these cards. During the 
discussion of the input and output procedures, the results of 
a zonal run will be envisaged as a matrix, each column of which 
contains the results of a single assay, the rows corresponding 
to the assays on a single fraction. The results of assays on 
control fractions (e.g. homogenate) are normally put at the 
end of the data.
1
'PROCEDURE* OLDREAD(A TFIN„COL,I ,VALUE,READTYPE,NAME,DENSTYPE,
ENZTi, ENDCORR ) ;
* INTEGER1 COXj , I ,A *FIN,READTYPE,DENSTYPE,ENZ1,ENDCORR;
♦ARRAY' VALUE;
♦INTEGER* 'ARRAY' NAME;
Formal Parameters
COL,I the variables used to denote the column and row in the 
matrix of results referred to at any time.
A,FIN denote the number of columns and rows in the matrix of 
results.
VALUE |i :FIN,1:a J  the array of results, enters as an array of
unprocessed measurements, exits as the 
processed results.
READTYPE the form in which the results are presented, if 
READTYPE = 503» the results are in 503 code, if 
anything else, the results are in 1905 code.
NAME |^ 1iA*| the array of codes for the assays performed.
DENSTYPE form in which the sucrose concentration is presented, 
for meaning see the description of the program 011F. 
ENZ1 the first column to contain the results of an enzyme- assay. 
ENDCORR the last column from which the tissueblanks in the
third column of the input sheet are to be subtracted.
Description
The form of the input sheet used with this procedure is. 
shown in Fig. A.1. The first row of results is taken up by the 
cut volumes, the second by the refractive indices or densities 
of the fractions, the third and fourth may be left empty, or 
filled with the phosphate tissueblanks and results of a protein
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assay respectively. Other assays are arranged with the results 
of assays of phosphatase enzymes first, other assays then 
following in arbitary order.
The procedure first reads control data from the first 
four rows. All read statements used in the procedure have the. 
form
X: = READ503(READTYPE)*
Rows one to four contain in order
1) FACT multiplier needed to convert readings to standard
units divided by the. 
sample volume times the incubation time
2 ) SUCRFACTjV|. defined in Appendix III.
3) NAME £lj; the code number used for the assay, see-
Appendix III.
4-) BLANK J^ Ijj the substrate blank for the assay in column I.
The remainder of the results sheet is filled in with the assay
results. If any result is missing, 99999 should be put in 
that square of the data sheet. This value is recognised by the 
program and remains unaltered. Otherwise the steps in the 
calculation are;-
i) Conversion of the results in column 2 to density if
DENSTYPE *= 3 or 5
ii) Subtraction of substrate blanks from all columns except
the first two.
iii) Subtraction of tissue blanks up to column ENDCORR
(n.b. if there are no tissue blanks then ENDCORR should
be given the value 0 ).
iv) Calculation of the activity in the fraction by
VALUE [COL,I*] ; * VALUE F_1,ll * FACT* COL* VALUE [c0L,I j /
(1-SUCRF [C0LT*(VALUE [2 ,1 ]^ -1));
Subsiduary procedures
RITODENS (P,T); see under SEDIMENTATION COEFFICIENT
•REAL* * PROCEDURE * READ503 (MACHINE);
INTEGER* MACHINE;
If the formal parameter MACHINE ^ 503 then the number is;
read in the normal way.
If MACHINE = 503 then the number is read according to the 
following rules
1) The characters 0,1,2,31^i5»6,7»8,9? &* and P begin ai number*
2) Any other character terminates a number.
A number read by this procedure is built up symbol by
symbol in three segments
A) Numbers before the decimal point.
B) Numbers after the decimal point but before an exponentiation
sign.
C) Numbers after an exponenticrtion signo
* & is the character used to represent * ten to the power of1 
in 1905 ALGOL, ^  was the representation used in 503 ALGOL.
The three elements are combined to give a: number as
A1A2A5 .B1B2B5 & C 
where A etc* are successive numbers read in segment A etc
•PROCEDURE* NEWREAD (COL,FIN,CHECK);
•INTEGER* COL,FINtCHECK;
Global variables required (expressed as formal parameters in one 
version of the procedure)
•INTEGER* DENSTYPE; meaning as in OLDREAD.
•INTEGER* * ARRAY* NAME. | l : ;
•ARRAY* VALUE,TISSUEBLANK | i :A,0:FIn |; These stand for the code> 
for. the assay, the matrix of results and the matrix of tissueblank 
respectively. The substrate blank of the assay in column COL is. 
given by VALUE JcOL,oJ , the reagent blank by TISSUEBLANK |cOL?ol[
Description
This procedure reads in the results of column COL of the 
results matrix corresponding to the results of one assay. The 
number of rows FIN corresponds to the number of fractions 
assayed. CHECK is the code number of the run.
The calculations performed by this procedure will be 
described in some detail as most of the results in this thesis 
have been calculated by this method. The data sheet is shown in 
Fig. A.2. The stack of data from any run is made up of
1) A sheet with the cut volumes
2) A sheet with fraction densities or refractive indices
3) A series of sheets carrying the results of the various assays.
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The first row of each data sheet contains the control 
variable s. All the figures in this row must be given some value,. 
The variables in this line are:-
1/ Run No, The program checks that this is the same as the 
formal parameter CHECK to make sure that assays from 
different runs have not been mixed,
2/ Code for assay See Appendix III.
3/ Code for tissueblanks 1 No tissue blanks
2 or 3 s- Tissue blanks to be read in.
k Tissue blanks from previous
column to be used. 
k/ Number of standards If 0, the results are in units finally
required.
If 999j then a standard table of 
extinctions built into the program will 
be used.
If > 10,000 then the readings, are as % 
transmission. After noting this fact, 
10,000 is subtracted to give the number 
of standards actually present.
3/ Volume of aliquot taken for analysis.
6/ Volume of assay medium (only used for enzyme assays, and 
there only to correot for sucrose interference. For all 
non-enzymic assays can be set equal to 1 ).
7/ Volume of final extract (n.b. This is only applicable 
when the concentrations of standard solutions have been 
given. If standards containing a known quantity of material 
have been run in parallel, then this value should be 1 ).
8/ Incubation time for enzymic assays, all other assays use 
dummy value of 1.
After reading in these control variables the procedure goes
through the following sequence of operations.
a) Read standards, and the results of the standard assays
starting with a reagent blank which is not counted among the
number of the standards.
b) Read the assay results starting with a blank.
c) If called for, read the tissue blanks, starting with a
reagent blank.
d) Look up the sucrose inhibition factors, and correct them for 
the dilution of sucrose by the assay medium.
e) If the number of standards is 999, and the assay code is not 
22 (RNA) then look up the standard table. If it is 22, then 
it is assumed that the two wavelength method of Fleck and 
Begg (196*0 is being employed. The readings are taken to 
represent the extinction at 260 nm and the tissueblanks to 
represent the extinctions at 230 nm. The RNA concentration 
is then calculated as x x ^230
f) Otherwise^ if the number of standards /£0, a curve; is 
fitted through the standards of the form
X = AA x MEASUREMENT + BB x MEASUREMENT.2 
If there is only one standard BB is put equal to 0.
g) The tissueblanks are subtracted from the results.
h)
i)
Subsiduary procedures
RITODENS see under SEDIMENTATION COEFFICIENT
1 REAL * * PROCEDURE' SUCROSEFACTOR (NAME);
1 VALUE* NAME; * INTEGER * NAME;
This procedure Looks up a table of sucrose inhibition factors 
similar to that given in Appendix III*
*REAL* * PROCEDURE * OD (T,COL,I);
1 VALUE1 T ,COL,I ;
* INTEGER* COL 11 ; *REAL* T;
* Nearly all the measurements made were colorimetric, and most 
used the AutoAnalyser. Because of the great variations in the 
amount of material in different fractions, it was sometimes 
necessary to dilute certain fractions before assay* This had the 
effect of changing the concentration of sucrose in the fraction,. 
Correction was madk for this by assuming that where a net
of more than 1.2 was found, the sample had been diluted 10 times 
with water before assay and the assay result multiplied back.
The variable dilute is then put equal to 10 for that point, and. 
the extinction divided by 10 before fitting to the standard curve^ 
the resulting figure being re-multiplied by 10.
Correct for dilution* and calculate the results in the units 
required using the standard curve derived in f above. In the 
special case of the second sheet of results convert the 
readings to density under the control of the variable DENSTYPE. 
Calculate the total amount of material present by the equation
|l,I*|/ (1-SUCRF/ 
DILUTE [ij * (VALUE [2 ,1!  - 1));
VALUE jfCOL,IJ  i= VALUE £cO L,lt /VOL/TIME*VALUE
This procedure calculates the optical density corresponding to 
the percentage transmission T. In case of a negative or zero 
transmission, an error message gives the column and row of the 
erroneous result.
* PROCEDURE * NEV/OUTPUT (I , XONE, XTWO, YONE, YTWO, OVER, UNDER, REF ) ; 
•REAL* OVER,UNDER;
* INTEGER * XONE,XTWO,YONE,YTWO,REF;
Requires global variable COL to represent the column of the 
results matrix to be used.
Requires procedure TITLE.
Description
This procedure outputs the section of the results matrix
bounded by rows YONE and YTWO and columns XONE and XTWO* The
number output is a ratio of the variables OVER and UNDER which
are assigned values which are related to a particular column
and row of the results matrix by use of Jensen*s device. The
block of results is headed by a title which is determined by the
variable REF. Each column is headed by an abbreviated form of
the name of the assay whose results it represents by use of the
procedure TITLE. The results are put out in floating point
format. An example of the output from the procedure is shown
-6
in Fig. A.3. If at any time OVER is less than 10~ then ZERO
-6
is printed. If UNDER is less than 10~ then INFINITY is printed. 
If either OVER or UNDER is 99999 then a space, is left in the. 
output. As only twelve columns can be fitted to a page, numbers 
in excess of this number are printed as a separate block under 
the first one. If there are more than twenty-four columns, a 
third block is printed and so on.
TUBE VOL DENS PROT AMPSE G6PSE s uc in t
1 100,00 1.0089 28.650 0.6808 0.0237 0.0305
3 40,000 1.0089 21.638 0.8197 0.3020
3 40.000 1.0089 0,5209 0.9 449 0.4212 0.1512
4 40.000 1 .0143 27.243 1 .1068 0.7703
5 40,000 1.0411 31 .615 1.5872 1.4100 0.3037
6 40.000 1 .0653 22.100 1.7459 2.0724
7 40,000 - 1 .0813 11.978 1.1167 1.3217 0.4469
8 40.000 1 .0934 11.743 0.3829 0.5925
0 40,000 1 .1000 12.729 0.2185 0.2909 0.8905
10 40.000 1 .1054 14.535 0.1399 0.19 52 1.3030
11 40.000 1 .1134 13,645 0.0994 0.2073 1.5848
13 40.000 1.1187 16.248 0.0713 0,2014 1.5735
13 40.000 1.1240 15.437 0.0611 0.1262 1.3861
14 40,000 1 .139 4 12.894 0.0428 0.1068 1.4107
15 40,000 1 .1347 13.823 0.0437 0.0266
16 40.000 1 .1368 11.599 0.0280 ZERO 0,8939
17 40.000 1.1382 10.655 0.0321 ZERO
18 40,000 1.1413 7,2051 0.0325 ZERO 0.4273
19 40.000 1 .1427 7.2207 0.0490 ZERO
30 40.000 1.1435 6,3508 0.0656 ZERO 0.1040
31 40.000 1.1453 4.6551 0.09 49 ZERO
38 40,000 1 .1459 4,7081 0.0951 ZERO 0.0748
33 40,000 1.1467 3.4866 0.1079 ZERO
34 40.000 1 .1485 5.0243 0,1170 ZERO 0.0426
35 40.000 1.1613 4.5 279 0.1362 ZERO
36 40.000 1 .1692 5,0991 0.1634 ZERO 0,0421
37 40.000 1 .1851 12.840 3.7220 0.2330 0.1498
38 40.000 1 .1984 16.631 9.5825 0.5324 0.2531
39 40.000 1 .2142 11.319 3.7172 0,3045 0.1637
30 40,000 1 . 2300 33.998 5.8296 1 ,6580 0.3551
31 40.000 1 .2511 35.836 14.760 3,4403 0.8920
38 40,000 1.2550 43.878 1 8. 098 3.3869 0.7062
33 40.000 1 , 2564 18.255 5.3067 0,6030 0.2886
34 40,000 1 . 2564 12.390 0.7754 0.0583 0,0909
35 0.9981
36 8750,0 0 .9981 399 2.3 117.18 174.22 104.89
37 2000.0 0 .9981 616.24 36 . 597 23.230 13,473
38 100,00 0.9981 11 .357 7.2663 0.2124 0.2298
39 15.000 0 .9981 3.6145 3.3275 0.1294 0.0410 .
40 15.000 0.9981 0,6370 0.0159 ZERO 0.0220 -
Pig. .A. 3. Example of results printed ^  use of procedure 
NEWOUTPUT.
Subsiduary procedure
1PROCEDURE * TITLE (REF,START,FINISH);
1 VALUE* REF,START,FINISH; * INTEGER* REF,START,FINISHJ 
Global variable required:- 1 ARRAY* NAME £l5Aj[>
This procedure puts a heading on the block of results# The 
value of REF controls the heading above the column of row 
numbers, the remainder of the columns are headed by an 
abbreviated version of the names of the assays whose codes fill 
the portion of the array NAME stretching from START to FINISH.
•PROCEDURE* LINEPRINTPLOT (REFjS,V/,COL,NO);
‘INTEGER* REF,S,W,COL,N0;
This procedure plots the values of the rows of the results 
matrix stretching from 1 until S which represent the results of 
the zonal run. The results are plotted as a percentage of the 
sum of all the activities over this region. The scales on the.
X and Y axes are varied according to the value of S
Number of Fractions Scale on X axis Scale on Y axis
(S)
< 10 0 to 10 0 to 50
> 1 0  and K  25
? 25 50 X(ENTIER(S/50)»1) 20 X(ENTIER(200/S)/l
0 to 25 0 to 25
The number of variables to be plotted on each curve is; 
given by NO, while the column corresponding to each assay is 
given by COL* an element of an array which is scanned by Jensen’s 
deviGe, using the control variable W»
Plotting is carried out by dividing the Y axis into 4-0 equal 
steps* Each tube, corresponding to one point on the X axis,is 
then scanned for each activity which is being plotted, to see if 
it falls within the range covered by a particular step. If it 
does, then the two numbers of the code for the assay are printed 
and all further activities in that tube neglected. If none of 
the activities fall into the desired range, a space is left. The 
procedure is varied when densities are printed. In this case; 
absolute values are' plotted on a fixed scale. Examples of the 
output from the program are given in Fig. A.A. The lines 
joining the points have been put in later by hand.
Subsiduary procedures
* REAL * »PROCEDURE * OUTVAL(COL,X ,REF,SCALE);
•INTEGER* COL*X,REF; ’REAL* SCALE;
Requires global Variable ’ARRAY* VALUE,TOTAL
This procedure at the moment only calculates the activity in as. 
given tube as a percentage of the total and scales it ready for 
output.
»PROCEDURE» SYMBOL(COL);
’INTEGER* COL; requires global variable ’ARRAY* NAME
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Pig. A.4. Examples of 1 graphs1 printed on the lineprinter 
hy use of the procedure LINEPRINTPLOT. The points have 
“been joined up h£ hand.
This procedure prints the code for the assay in column COL 
as a two figure number with no following spaces* Numbers less than 
ten are output as a blank followed by a figure*
2) Procedures used in the Calculation of Sedimentation Coefficient
* PROCEDURE* SEDIMENTATION COEFFICIENT(PART,N,W,V,P,I,S);
♦REAL* PART,V,P;
* INTEGER * N,WjI,S;
Where S is the number of fractions*
W is the number of values of particle density*
PART the density of particle N*
N is the variable which controls which element of the array
of particle densities is to be used*
V and P are the volume and density of fraction I* 
n»b. PART,V and P are elements of arrays which are read 
by Jensen*s device*
Global variables required
* REAL* SAMCj the sample mass center.
* ARRAY R; enters empty, exits with the radii of the mass-centers
of the fractions
* ARRAY* ISOPYC; exits with the number of the fraction before the
th
isopycnic density of the N particle is reached*
The procedure calculates the sedimentation coefficients of 
hypothetical, particles which has reached the center of each 
fraction by use of the method of Bishop (1966). The steps in 
the calculation are as follows:-
1) The position of the mass center of the sample, calculated 
in the main program, is checked to make sure that it is 
clear of the slope at the centre of the rotor*
2) The radius of the terminal edge of each fraction is 
calculated, stopping when the full number of fractions is 
completed, or when the edge of the rotor is reached.
3) A value for the particle density is noted, if this is 999 
the basis of the calculation is changed from that of an 
impervious particle with a definite density, whose 
sedimentation coefficient is referred to water at 20°, to 
that of a particle following the rules given by Beaufay 
and his colleagues (196*0 which is referred to 0*25 M 
sucrose at 0°* A new value for particle density now, as; 
the result of resetting a*, flag in the program, taken to 
represent particle type, as listed under the procedure 
PARTDENS, is then read. Then, for each fraction, starting 
from the one after that containing the sample mass, centre.: ~
*f) If the particle is of the second type mentioned above, its 
density in the medium of the fraction under consideration is 
calculated.
5) If the density of the particle is less than the density of 
the medium, then the calculation is terminated and the 
program returns to 3*
6) Using the value of the particle density found in *f, the
sedimentation coefficient of a particle which has reached
ththe centre of the I fraction is found using a variable 
h[i) where H £zERcQ = 0, where ZERO is the position of 
the sample and
H f l j  := H | l - l j  + 2 EE [ i j *  VISCOSITY [l]j^  (PARTDENS f i t -
p
where; P |fl and VISCOSITY £l J  are the density and viscosity of
the I fraction,
PARTDENS the density of the particle in this medium, and 
EE [ij := (R |tJ - R )/ (R {Vj + R C1"1!
It will be noted that the assumption has been made that the
gradient can be replaced by a series of flat steps corresponding
to each of the fractions.
7) Finally, the sedimentation coefficients are calculated by 
multiplying H jfl j| by a constant
K := PRHREF - RHO/WST/ETA; 
where RHO and ETA are the density and viscosity of the 
standard medium, PRHREF the density of the particle under 
consideration in that medium, and WST the accumulated 
centrifugal force.
8) V/hen calculations A to 7 have been completed for all the 
tubes of the gradient, the program returns to 3? unless all 
the particle densities have already been read.
Subsiduary procedures
* REAL1 * PROCEDURE1 PARTDENS (P,PART);
'REAL* P; * INTEGER* PART;
This procedure calculates the density of a particle, 
code PART, in cu sucrose solution of density P. The data and 
methods of calculation are those of Beaufay et al, (196^).
The particle codes are:.
1 The particle containing Cytochrome Oxidase
2 ” u 11 Acid Phospha&ase
3 " " " Acid DNase.
4- " " " Ur i case::
5 n ” 11 Catalase-
6 n it ii D-Amino acid oxidase
1 REAL1 1 PROCEDURE1 RADIUS (VTEST,ROTOR);
* VALUE * VTEST,ROTOR;
’REAL1 VTEST; 1 INTEGER.1 ROTOR;
This procedure calculates the radius, in a rotor, code
ROTOR, corresponding to ax volume VTEST measured from the centre
of the rotor* The codes for the rotors are as follows*
1 A XII
2 B IV
3 B XIV
k B XV
5 Polypropylene tube for the M.S*E* 3 x 23> nil swing-o.ut
rotor*
6 HS.-
The equations for the various rotors were obtained from the
sources listed below* The data on rotor dimensions was supplied
by M*S.E* Ltd*
A XII and HS rotors Anderson jet al., 1966a*
B IV rotor Anderson et. al., 1966b.
B XIV and B XV rotors The procedure of Rutenburg (1966) 
was used for the main part of the rotor, the modification by- 
Leach (1969) for the curved portion at the outside of the rotor.
’REAL* ’PROCEDURE* VISCOSITY (P,T);
’REAL* P,T;
This procedure calculates the viscosity of a sucrose solution 
of density P at a temperature T: by use of the equations of Bteebox? 
(1966). The procedure works, back from the sucrose, density to the. 
sucrose, concentration, and uses the latter to calculate the 
viscosity.
’REAL* ’PROCEDURE* RITODENS (F,T,TSOL);
’REAL* P ,T ,TSOL;
This procedure calculates the density of a-, sucrose solution 
with refractive index P at a temperature TSOL, the refractometer- 
being at a temperature T. The calculation is made by an 
adaptation of the method of Wolf and Brown (1963)* The?
’equivalent concentration of water* is calculated from the 
refractive index. A provisional estimate of the density is made- 
from which a. second value for the equivalent concentration of 
water is calculated. This is compared with the first value, 
and if they differ by more than 10 then the value for the. 
density is improved by a.reiterative procedure until such 
agreement is achieved. About six iterations are normally required„ 
A listing of the procedure is given on the following page. In 
addition to the formal variables defined above, there are the 
following variables used. ECW1 and ECW2 are the two estimates.;
164 'REAL 1 ’PROCEDURE1 R1TODENS < P ,T # TSO'U
166 'REAL1 PfTiTSOl?
167 'BEGIN' 'REAL' RSR#ECW1,ECW2#P1#CONCrY1?
167 'INTEGER' X ;
168 'ARRAY* BM i 9 I t BBC1:43f
169 . BC13 « «1 . 00036981
171 BC23«e3.9680504«*5f
172 8 C 3 3 ;=-5,85132718-6;
173 BC43'l«0.38982371?
174 BC53i=-1t0578919&-3;
175 BC63 i=1. 23928338-5?
176 BC7-3 l»0.17097594?
177 BC83s=4.7530081&«4;.
178 BL93ls-8,92397378-6;
179 'FOR' X:=1 'STEP' 1 'UNTIL' 3 'DO'
180 BBCX3 :s &C3*X-23+8[3*X’,*13*T + BC3*X3*T*T;
181 BBC43:=BB[23*R8C23-4*BBC33*8BC13J
182 RS R 8 B1,029;
183 'IF* AB$(P**99999)<8”6 'THEN'
183 'BEGIN' RlTODENS8=99999;
183 'GOTO' LB2 •
185 'END';
186 'IF' P<1.334 'THEN'
186 'BEGIN* NEWLl'NECD?
188 URITETEXK ' < ' RI7,T00%SMALLXI=%') ' > i
189 PR I NT CI ,3,0);
190 w r i t e t e x t c ( ' ri  = '>');
191 PRINT(P,0#5>;
192 RITODENS !®1f
193 Y1 :«1;
194 'END' 'ELSE'
194 'BEGIN'
194 ECW1 :=3694, 1788*P-30Q*P*P«3394,1788?
196 P1|a1f((p-1.3333>*0,36);
197 t B1 i Y1Ja(-RBC23 + SQRT(BB[43 + 4*BBC3)*P1)>*0,5/BBC33;
198 ECW2:=1000*P1+<RSR*1)*10QO*Y1*P1;
199 'I?' ABS(ECU1«ECW2)<8*-4 'THEN'
199 R!TODENS:»(BM3 + 8i:23*T$OL + Bt:33*TSQL*TSOL>*
199 (BC43+BC53*TSOL+Bt63*TSOL*TSOL)*Y1+
199 (BC73+BC83*TS0L+BC93*TS0L*TS0L)*Y1*Y1 'ELSE'
199 'BEGIN' Pi * = PU(ECW1-ECW2)/<1 000+(RSR»1 3*1 000*Y1 3
201 'GOTO' LSI ;
202 'END';
203 'END';
204 182 j 'END';
of the equivalent concentration of water, while Y1 and P1 are 
the working estimates of the concentration and density of the 
sucrose solution. They are interconverted by the procedure of 
Barber (1966). BB £l]|etc., are the constants in Barber's 
equations. RSR is the relative specific refractivity of sucrose. 
The accuracy of the procedure is illustrated in Fig. A.5-
3) Statistical Procedures
'PROCEDURE* LINEAREQUATIONS (A,X,B,ERROR,VARS,EQNS,FAIL) ;
'VALUE' VARS,EQNS;
'INTEGER' VARS,EQNS; 'LABEL* FAILj 'ARRAY' A fX,B,ERROR; 
Procedures required:- MXMULT,MXINVERT,FIPERM
This procedure solves the set of linear equations:
A. . x, = B . 3 ~ 1,.
 ^ 13 1 3
i=1
for x by use of the method of least squares. The equation is 
rewritten as a matrix equation
A .JTe QNS,VARs J  x x £ v A R S , l J  = b £e QNS,i J, 
where VARS and EQNS replace m and n respectively. If VARS>EQNS, 
there is no meaningful solution, and the procedure exits to the
label FAIL in the main program. The ERROR matrix, as defined by
ERROR = AX -i B
is also calculated.
'PROCEDURE* MXPRINT(MATRIX,A,B);
* INTEGER»A ,B ; 'ARRAY» MATRIX;
This procedure prints out the A x B matrix MATRIX in 
floating point form to five, significant figures^
Fig. A. 5. Deviations of the density of sucrose solutions 
calculated from their refractive indices (as given hy, Wolf 
and B rown, 1965) h y  use of the procedure R ITODBNS from the 
^tabulated values.
Procedures Supplied from the Library of the University of
Surrey Computer Unit
* REAL* *PROCEDURE* MEAN(X,I,N); calculates the mean of
x | l j  I = 1,...... N.
•REAL* 1 PROCEDURE * STDEV(X,I,N,STORE)} calculates the standard
deviations of the numbers X f i }  x = 1 ,......
•REAL* 'PROCEDURE* CORCOEF(X,Y,1,N); calculates the correlation
coefficients of X [ i ]  and 1 = 1 ,  N.
•PROCEDURE* REGRES(X,YtI,N,M,C); calculates the regression line
of Y |^lj^ on X f l ^  in the form Y  = M X + C
X ~  1 j» « « * oNo
’PROCEDURE* MXMULT(AtB,C,M,N,P)}
'VALUE* M,N,P; 'INTEGER* M tN,P; 'ARRAY* A,B,C; 
where C .^MjPjl = aJTm,N^| x  B (n .p}  .
•PROCEDURE* MXINVERT (A,N,EPS,SINGULAR); 
using F1PERM(A,B,J,KtS,D,N,P);
iavortsj; the matrix A £?. n 3 *
'PROCEDURE' LINEARPR0GRAM(N,P,A,MIN,PSOL,DSOL,BOOL);
a.standard computing unit linear program package Ref. H/7* CACM 285*
* PROCEDURE» MATGEN(N ,M ,B ,C ,X ,SLACK,BOOL);
* VALUE'N,H; 'INTEGER' N,M; 'ARRAY' B,C,X,SLACK} 'BOOLEAN* BOOL;
This procedure prepares the arrays for input to the 
procedure LINEARPROGRAM from equations; of the form f
SLACKj + N.
where the solutions are subject to the conditions
B 1
U) Additional Procedures
1 REAL * »PROCEDURE* INTERPOLATE (COL,I);
‘INTEGER* COL,I ;
This procedure fills in the ’missing* values (those 
indicated by 99999) in the table of results when summations over 
regions, or recoveries, are being calculated. Linear 
interpolation is used., No more than two consecutive ’gaps' can 
be filled by this procedure,
'REAL * 'PROCEDURE* DENSITY (VO,R,MIXVOL,PO,PADD,V);
'REAL' V O ,R ,MIXVOL,P O ,PADD,V ;
This procedure calculates the density after a volume of 
gradient V has been extracted from the 'double pump' gradient 
maker which is described earlier* It is assumed that addition 
of the gradient solution of density PADD to the mixing vessel is 
commenced when a volume of gradient VO had been extracted* The 
volume and density of the liquid in the mixing vessel at the 
start of this section of the gradient were MIXVOL and PO, Th<a: 
ratio of the rate dense liquid is added to the mixing vessel to 
the rate of extraction of gradient from it is R. This procedure
allows a gradient composed of a series of 
be simulated providing that, at the start 
VO is reset, and new values of MIXVOL and
'REAL* ‘PROCEDURE* VOLUME(R ,ROTOR); 
'INTEGER* ROTOR; 'REAL' R;
superimposed curves to 
of each section,
PO calculated*
This is the inverse of the procedure RADIUS (£*v.)
Main Programs used in this Study
Processing program for results from the zonal centrifuge
(011F)
This program was used to process the results from the 
experiments on the zonal centrifuge which have already been 
reported. The data is read in by the OLDREAD or. NEWREAD 
procedures, and the results output both as a  block of data, 
using the NEWOUTPUT procedure and in the form of a series of 
graphs using the. LINEPRINTPLOT procedure. The results are 
summed over regions, defined in the input data and recoveries, 
and purifications calculated (Fig, A* 6 )• During summations, 
'missing1 values are supplied by linear interpolation using 
the INTERPOLATE procedure. The program is controlled by 
variables read in advance, of the main block of results. The
data, sheet for this 'control* data, is shown in Fig. A. 7 ,
The main block of data, is read in the format required by the;
data reading procedure which is being used.
Note 1 Way of presenting 'density* if 1 Results as density.
2 Results ass 
refractive index.
3 Results as chart 
readings from 
recording flow
refractometer
(0 = 1.333, 10 = 1.4-33).
SUMMATION OVgR AREAS 
AREA 1. IS TUBES 1 TO 8
AREA 2 IS TUBES 9 TO 24
AREA 3 IS TUBES 25 TO 29
AREA 4 IS TUBES 30 TO 34
AREA VOL DENS PROT AMPSE G6PSE SUCINT
1 380.00 8.3221 155.49 8.3850 6,9138 2.2687
2 640.00 18.115 160.22 1 .2989 0.7330 11.9187J 200.00 5.9282 50.416 17.321 0.9681 0.6510
4 200.00 6.2489 134.36 44.770 9.1464 2.3329
TOTAL ACTIVITY
1420.0 38.614 500.48 71.775 17.761 17.170
REGIONS#' AS A p e r c e n t a g e OF ACTIVITY RECOVERED
AREA PRQT AMPSE 0,6PS E SUCI NT
1 31.06a 11.682 38.926 13.213
2 32.013 1 .8096 4.1269 69.409
3 10,074 24.132 5.45 09 3.7912
4 26.846 62.376 51.496 13.587
REGIONS AS A p e r c e n t a g e OF SAMPLE
AREA PRQT AMPSE G6PSE SUCINT
1 25.232 22.912 29.763 16.838
2 25.990 3.5492 3.1554 88,454
3 8.1812 47.330 4.1677 4.8314
4 21.803 122.33 39.373 17,315
r e c o v e r i e s
VOL DENS PROT AMPSE G6PSE SUCINT
1 71.000 3868.6 81.214 196.13 76.459 127.44
PURIFICATIQN RELATIVE to PROT
AREA PROT AMPSE G6PRE SUCINT
1 1 , 0000 1.8372 1.0189 0,5553
2 1.0000 0.2762 0,1048 2.8312
3 1,0000 11.705 0.4400 0,4914
4 1 . 0000 11.352 1.5 599 0.6609
Pig. A. 6. Example of frhe summary of Vne results of a 
fractionation experiment in a zonal rotor produced Td£ proper am
OllP.
Bata Sheet f or B 0 3 ?
Please Punch only to right of line
Page 1
Heading
Bun No*
Total Ho* of Tubes 
Ho* of Measurements 
First column for Enzymes 
Befractometer Temperature 
Way of presenting Density 
Ho* of Areas
Ho* of tubes from Zonal Bun
Way of presenting Data*
Ho* of Graphs
Ho. of Batios
Boundary tubes for Areas
Code Hos* for Assays on 
each graph
pode Hos* for denominators
in ratios
Line containing reference values 
Line containing sanqple
Becord each assay on a 
separate sheet and pin 
together
EHDHOW
see Note 1
see Mo te
see Mote 3
5ce Note 4-
see Note 5 
see Mote 6
F,j. ft 7
Note 2 Way of presenting data if 1 Data; in NEWREAD form.
2 Data, in OLDREAD form.
503 Data* in OLDREAD form in
503 code, 
n.b. In the two latter cases 
an extra number giving the* 
last column to be corrected 
for tissue blanks must be 
inserted here.
Note 3 Assays on each graph
A list of the code numbers of the assays to be put on 
each graph should be put in this section. Each list should be- 
preceded by the number of variables which are to be plotted e.g.
^ 1 3 k ia
3 1 13 zh
would indicates that four variables:- density, protein, AMPase 
and G-6-Pase are- to be plotted on the first graph, and: 
three:- density, acid phosphatase.and DNA on the second graph.
Note 4 Denominators in ratios The purifications; of
variables relative to the variables whose codes are 
listed in this section are calculated.
Note 5 Reference, values The 'line* of data indicated in 
this section contains assays on the material, usually 
the whole homogenate^, which serves as a basis^ for the 
calculation of purifications.
Note 6 Sample This indicates which flinef of data
contains the assays on the sample loaded on to the ratanv 
and therefore will serve as the basis for the 
calculation of recoveries.
n.b. If assays have not been carried out on the homogenate 
or sample, a 0 in the appropriate column will stop meaningless 
calculations being performed.
Procedures used in this program
RITODENS,TITLE,OUTVAL,SYMBOL,LINEPRINTPLOT,INTERPOLATE, 
SUCROSEFACTOR,0D,NEWREAD,READ503,OLDREAD,NEWOUTPUT.
Space about 16,000 words of store
Time about 20 secs, for compilation and then 20 secs, for
each batch of data.
Calculation of Sedimentation Coefficients (011^-)
This program calculates the *0 vall&SiGB* of particles 
which have reached particular tubes of the gradient by use of 
the procedure SEDIMENTATION COEFFICIENT. The results are output 
as shown in Fig. A. 8.
The data, required is:-
1/ Brief description of the experiment to serve as heading, 
finishing with characters ENDNOW.
2/ Code number of the experiment.
3/ Code number of rotor (see. procedure RADIUS).
k/ Temperature of gradient during run.
2
5/ The accumulated centrifugal force (w t).
6/ The number of different values of particle density to be used.
7/ Total number of fractions.
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Pig, A, 8, ilxamp.2^  q£ t'he form in which sedimentation 
pnefficients, calculated hy program 0114. are output.
TUBE 
VOLUME: 
RADIUS 
DENSITY 
S
E
D
I
M
E
N
T
A
T
I
O
N
 
COEFFICIENTS 
FOR 
P
A
R
T
I
C
L
E
 
D
E
N
S
I
T
I
E
S
1.4000 
P
A
R
T
I
C
L
E
 
TYPE 
1.0000 
2.0000 
3
.
0
0
0
0
 
5 
200 
.■* 
7.641 
1.041 
5
6
2
9
.
0
9
0
 
7
8
0
1
.
0
B
8
 
7
6
4
5
.
7
1
5
 
7
2
6
2
.
1
3
7
8/ Humber of fractions which come from the zonal run*
9/ Volume of overlay,
10/ Volume of sample*
11/ List of particle densities and codes (see under SEDIMENTATION
COEFFICIENT)
e.g* 1*4- 1.6 1.8 999 1
means:- assume particle densities of 1.4, 1.6 and 1.8 and 
a particle changing its properties with changes in the 
medium in the same way as mitochondria.
12/ Way of reading data. Three ways of reading the data are- 
available and are called by the following codes?- 
1/ The volume and 'density*of each fraction are read in 
turn.
2/ The volume and1density*of the first fraction are read.
The volume of the other fractions, which are assumed
to be equal in size, is read, followed by a-list of 
their 1 densities1•
3/ The ’volume1 and ’density* sections from the stack of 
data prepared for the NEWREAD form of 011F are used.
13/ Way of reading density, see under 011F.
14/ Temperature of refractometer.
15/ Main body of data in the format described by 12.
Procedures used:- VISCOSITY,RADIUS,PARTDENS,RIT0DENS,
SEDIMENTATION COEFFICIENT.
Space about 10,000 words.
Time about 5 secs, for each batch of data.
Calculation of Gradient Capacity (011D)
This program calculates the capacity of a gradient produced 
by the 1 double pump1 form of gradient maker described in the Mawfcer
and Methods section* The capacity and band width, given a
sample of known initial dimensions, are calculated at a series 
of points throughout the gradient, and for a  series of values 
for the particle density* The equations^ given by Berman (1966) 
are used* The input data is.:-
1/ Code number of rotor (see under RADIUS).
2/ Number of values for particle densityi
3/ Masdmum number of points at which the capacity is to be 
calculated*
k/ Number to be given to the first tube of the gradient.
5/ Number of different solutions to be added to the mixing
chamber.
6/ Volume of overlay.
7/ Density of overlay.
8/ Volume of sample.
9/ Density of sample medium.
10/ Total volume of the rotor.
11/ Volume of each 1 fraction* (volume between points where 
capacity is to be calculated).
12/ Temperature inside the rotor.
13/ List of particle densities or of particle types (see 0114)* 
14/ InitiasL volume in the mixing chamber.
15/ Initial density of the liquid in the mixing chamber.
16/ For each solution to be stirred into the liquid in the 
mixing chamber:-
aO Accumulated gradient volume at which addition of this 
liquid is to finish.
b) Ratio of the rate at which the liquid is to be added to 
the rate at which the gradient is to be extracted.
c) Density of the liquid to be added.
Procedures used:- VISCOSITY,DENSITY,,RADIUS,PARTDENS.
Space. about 10,000 words.
Time less than 1 min.
Calculation of the parameters for a Gradient to fit a. 
particular design (0119)*
This program has already been published with a full 
description (Hinton and Dobrota, 19&9)«
Statistical Programs (011C, 011G, 011H).
These three programs are designed to assess the distribution 
of an 'unknown* material among the various subcellular components 
following methods 1, 2 and 3 of Appendix II. The control data, 
is supplied in the same order to all three programs, but there 
are slight differences in the input of the experimental results* 
The input is as listed bedow.
For all three, programs 
1/ Number of batches of data.
2/ Number of markers (number of particles to be allowed for).
3/ Code for the activity whose distribution is to be analysed
(for codes, see Appendix III). 
k/ Codes for the markers.
In 011C and 011G
5/ Amount of ’unknown* in reference fraction (normally whole.;
homogenate)•
6/ Amount of markers in reference fraction.
Then, for each batch of data.:-
7/ Number of markers which have been assayed (markers not
assayed are assumed to be absent).
8/ Number of lines of data (the input to these two programs, 
will, normally be data from zonal runs' summed over regions 
and may be averaged over several runs. Each line, of data 
will correspond to the assays on one region of the run).
9/ Codes for the assays: performed.
10/ Results of the assays.
In 011C only
When all the assay results have been read in, the limits. 
within which the amount of the ’unknown’ material associated 
with each marker must lie are read*
For each marker, the order of data is as follows;: -
a.) Number of the marker (from the order in which they
were read under A- above).
b) The upper limit.
c) The lower limit.
In 011H
The reading of data, in 011H has certain differences; from the. 
other programs. In this program, the results of a series of 
runs, coded either in the NEV/READ or OLDREAD format, are read 
directly. For each run, the order of data.is:-
6/ Total number of fractions.
7/ Number of assays.
8/ First ’column1 representing an enzyme assay.
9/ Temperature of the gradient.
10/ Code for the way of measuring density (see. 011F).
11/ Number of regions into which the run is to be divided.
12/ Number of fractions which come from the zonal run*
13/ Code for the way of presenting the data, (see 011F).
14/ Bounding tubes for the regions. r
13/ Total amount of activity of the ’unknown’ and the markers: 
in the reference fraction (homogenate).
16/ The main block of assay results.
None of these three programs require the assays to be 
presented in any particular order, for they are sorted out by 
the program according to their code names. ’Irrelevant’ data 
is neglected.
Procedures used
011C-TITLE,LINEARPROGRAM,MATGEN,MXPRINT.
011G-TITLE,F1PERM,MXINVERT,MXMULT,MXPRINT,LINEAREQUATIONS. 
011H- all procedures used in 011F except OUTVAL,SYMBOL and 
LINEPRINTPLOT are: the procedures used in 011G.
Space,
011C 151000 words of stores.
011G 10,000 words of store.
011H 20,000 words of store.
Time
011C Less than 1 minute.
011G Less than 1 minute.
011H About 1 minute with the results of 3 runs of
30 fractions each to handle.
Procedure 
CORCOEFF*
DENSITY 
INTERPOLATE 
LINEAREQUATIONS 
LINEARPROGRAM *
LINEPRINTPLOT
MATGEN* 530
RITODENS
SEDIMENTATION COEFFICIENT 
STDEV*
TITLE
VISCOSITY
VOLUME
530
331 
53) 
5*9 
53 0 
5)°!
MEAN* 5 3  6
MXINVERT* 53<?
MXMULT*
MXPRINT
NEWOUTPUT 51?
530
s as
NEWREAD 513L
OD 5 1C
OLDREAD 5 OB
OUTVAL 53LO
PARTDENS
RADIUS 535
READ503 - 5 1 1
REGRES* 5 3 0
5 #
5 »
530
SUCROSEFACTOR 5 ! Z
SYMBOL 5a0
5 1 1
5 a* 
5 1 X
* Procedures supplied by the University of Surrey Computing Unit
Construction of the Gradients Used in 2ional Rotors;
These gradients were designed for making with the 
•exponential1 gradient maker. If the ’double pump’ gradient 
maker is used, the ratio of the pumping rates should be 1 .
Gradient AI
Volume
ml.
The Mixing vessel contained 200
To this were added 
sequentially
an
b:
800
400
Cushion: Tc»> fill rotor*
Sucrose Concn, 
M
0.25
1.18
2.0
2.0
Sucrose 
Density(4
1.0 55
1.158
1.265;
1.265;
Gradient All
The Mixing vessel contained 250
To this were added 
sequentially
ai
b:
600
500
Cushion: To fill rotor*
0.3
1.164.
1.656
2.0
1.038
1*530
1.219
1.265
Gradient BI (for B-XV rotor)
The Mixing vessel contained 500 0.3
To this was added 1200 0.88
Cushion: To fill rotor* 2b0
1.038
1.114
1.265
Gradient BI (for B-XIV rotor)
The Mixing vessel contained 250 0.3
To this was added 500 0.88
Cushion: To fill rotor* 2.0
1.038
1.114
1.265
* By-passing mixing vessel.
For the gradient used in the experiment on the HS zonal rotor 
see Burge and Hinton (1970).
